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ABSTRACT 


The rapid sol i di *f i cati on P/li route of processing A1 
alloys results in an ultra fine mi crostructure with intermetali ic 
dispersoids* While some o-f these alloys exhibit high strain rate 
sensitivity in their high temperature deformation, lower rate 
sensitivity results in others- The flow mechanisms need to be 
identified in such alloys- Towards this purpose, the experimental 
constitutive equations have been assessed in four different alloys 
and compared with those of various mechanisms in this 

investigation. The requisite stress-strai n rate data were 

generated by the differential strain rate test in the case of two 
alloys (Mn modified and Mo modified Al-Zn~Mg— Cu) and obtained from 
the literature for others <A1— 4XTi and A1 -Fe— V~Si ) . 

Out of the four alloys analyzed, Mn modified 
Al-Zn-Mg-Cu and Al““4%Ti showed high strain rate sensitivity (upto 
0.45), while the other two alloys are of lower rate sensitivity 
(upto 0-2) « The stress-strai n rate relation of the former group 
was analyzed in terms of a constant threshold stress for a given 
temperature and grain size- The analysis is refined by 

incorporating the strain rate dependence of threshold 

stress, which fits better with the experimental data over the 
whole temperature and grain size range- The characteristic rate 
sensitivity Cm) and the grain size exponent Cp) for the threshold 
process are 0-1 and *~3 respectively- The grain size exponent <p) 
and activation energy (Q) for the superplastic flow are 3 and 
70-90 kJ/mole respectively. 

The data of the lower m alloys ( Al-Zn-Mg-Cu-Mo and 
Al-Fe-V-Si) were analyzed in terms of alternate mechanisms of 
superplasticity (m=0-5) and dislocation creep (m=0.2)- The rate 
sensitivity values of the threshold process for superplastic flow 
are 0-05 ( Al-Zn-lig-Cu-Mo) and 0-11 < A1 -Fe-V-Si ) - The grain size 
exponent Cp> for the threshold process and the higher rate 
sensitivity mechanism (m=0.5) is observed to be negative in both 
the alloys- Such an observation is not consistent with those of 
superplastic flow mechanism in this regard- 



CHAPTER I 
INTRODUCTION 


The continued rapid growth of the aerospace 
industry has provided the impetus for development of a new 
generation of aluminiam alloys. Traditionally A1 alloys have been 
used in aircraft structures because of their high strength/weight 
ratio. However, in recent years, the ever increasing cost of raw 
materials, energy and manpower have challenged the research 
community to develop more cost effective materials. Moreover, the 
existing aerospace structural materials have been pushed to their 
operating limits with regard to stress, temperature and 
environment . 

A1 being basically a soft material, to achieve high 
level of strength at ambient and elevated temperature, it is 
necessary to have a high volume fraction of thermodynamically 
stable second phase uniformly distributed in the matrix on a fine 
scale. In such dispersion strengthened materials, high 
temperature strength is attained by the act of restricting and 
inhibiting the dislocation movements by the fine dispersoids. But 
the high level of solute required to achieve the high volume 
fraction of fine dispersoids makes it impossible to produce these 
alloys by conventional I/M practice which spells considerable 
segregation of alloying elements and associated course 
intermetallics owing to low solidification rate and low 
solubility. The rapid solidification technology followed by 
powder metallurgy (RST — P/M route) is the only alternative 
technique to overcome the above disadvantages of I/M for the 
production of such superior dispersion strengthened alloys usable 
in modern aerospace industries . 

RST can produce very fine alloy powders with 
minimum micro segregation. Very high cooling rate (in the range 
10* ^C/sBc to lO^ ^C/sec) achievable in RST expand the 
solubility of alloying elements well beyond the equilibrium levels 
and hence tremendous alloying flexibility is possible. Heavy 
transition elements like Fe, Mo, Cr etc. which have extremely low 
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solubility in A1 can be introduced by taking advantage of 
this extended solute solubility in RST « The fine powders 
produced by R5T are then compacted by P/M technique which 
offers finer and more homogeneous microstructure with 
reduced porosity and higher density and thus much better 
mechanical properties than those produced by conventional I/M 
route- Besides, cost advantage may be possible due to high 
materials utilization factor inherent in P/M processing . 

This type of RST— PM route processed dispersion 
strengthened A1 alloys have high strength and low ductility even 
at high temperature- Hence forming of such alloys is a problem 
due to inadequate ductility. But very fine submicron size grains 
stabilized by fine insoluble second phase dispersoids seem to 
suggest that superplastic properties might be found in them since 
the basic requirement of superpiastici ty is very fine stabilized 
grains resistant to high temperature growth and high forming 
temperature . The advantage of superplasticity is the very low 
flow stress required for high temperature forming and 
exceptionally large uniform ductility obtainable, without any 
adverse effect on the mechanical properties at low service 
temperatures. So if superpl asticity is passible in these 
materials, then they can be formed readily. 

This investigation is concerned with an assessment 
of elevated temperature deformation mechanisms in rapidly 
solidified A1 alloys with fine grain size and intermetal 1 ic 
dispersions. Two RST-PM route processed 7075 series modified 
Al-Zn—Mg-^Cu alloys have been studied- One is modified by the 
addition of Mn and another by Mo- Their stress - strain rate 
behaviour at high temperatures and the effect of various 
parameters such as temperature and grain size have been explored- 
Moreover, the stress — strain rate data of two other similar 
alloys CAl— 4XTi and Al—Fe—V—Si ) from the literature have been 
analyzed from the viewpoint of providing further insight into the 
operative flow mechanisms at elevated temperatures- Meedless to 
say that an understanding of the dependence of the flow stress on 
strain rate, temperature and grain size is of significance in 
optimizing the processing variables and in evaluating their 
performance in elevated temperature appl ications. 
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The layout of the thesis is as -follows g 

Chapter I presents a brie-f general introduction to 
this -field o-f study and elucidates the need o-f pursuing such an 
i nvest i gat i on « 

Chapter II mentions the recent trends in alloy 
designing and processing of A1 alloys with special reference to 
the promising RST-PM route. It then sums up the progress hitherto 
made in understanding the mechanistic principles of elevated 
temperature deformation in the domains of superplasticity and 
dislocation creep of dispersion strengthened alloys. 

Chapter III critically probes the role and scope of 
independent and interdependent interaction of flow mechanisms in 
elevated temperature deformation and illustrates their effect on 
the stress ~ strain rate behaviour of the material. 

Chapter IV describes the experimental procedures 
adopted and the results of the experiments. 

Chapter V discusses the significance of the 
experimental results. It further analyses and interprets the data 
from mechanistic viewpoint by evaluating the appropriate 
constitutive equations through curve fitting. 

Chapter VI summerizes this work along 
inferences based on the analysis done in the previous chapter. 


with 



CHAPTER II 
LITERATURE SURVEY 


2.1 MODERN TRENDS IN PROCESSING OF ALUMINIUM ALLOYS 

2.1.1 New Class Of Aluminium Alloys 

Aluminium alloys have been used in aircraft 
structures -for a long time because o-f their high strength/weight 
ratio. In recent years, research and development in this area has 
been signi-f icantly accelerated by the emerging technology o-f 
powder metallurgy (P/M) processing which has distinct technical 
advantages over conventional ingot metallurgy (I/M) practice. P/M 
processed materials exhibit -finer and more homogeneous 
microstructures than those obtained via I/M route and flexibility 
of alloying is enhanced- At full density mechanical property 
levels can exceed those of I/M materials. P/M alloy development 
has been extensive in three main categories of alloys : 

(1) Moderately high temperature strength and corrosion 
resistant alloys 

(2) Low density high modulus alloys 

(3) Improved high temperature alloys 

An example of the first category is the 

commercialization of X7091 alloy developed by Aluminium Company of 

America (ALCOA). This is based on the Al— Zn-Mg— Cu system but with 

Co addition. The Co forms fine dispersoids of the type Co Al 

2 s> 

serving to refine the grain size. This alloy has better 
combination of strength, toughness and corrosion resistance than 
conventional X7000 series I/M alloys. 

Alloying with Li can reduce density (p) by up to 
15% with the added benefit of increased modulus (E) by up to lOX ( 
a combined increase in E/p by up to 30% ). These improvements 

over conventional Al alloys can result in considerable structural 
weight saving in aircraft industry. However, until recently, 
alloys based on the Al-Li system have received limited acceptance 
commercially due to problems related to melting, casting and 



ductility 


shortcomings in mechanical properties. In particular, 
and -fracture toughness values are low. P/M o-f-fers the possibility 
o-f eliminating some of the problems associated with these alloys. 
For example, the rapid rates o-f sol i di -f i cati on associated with the 
atomization process can greatly reduce segregation and re-fine the 
grain size, thereby avoiding strain localization and hence 
improving ductility. It appears that compositions based on 

Al-Li— Cu-Mg-Zn will prove most e-f-fective -for commercial 

applications. 

Retention of high strength at elevated temperatures 
requires an alloy with a thermodynamically stable second phase 
dispersed in the matrix. Furthermore, to achieve the high level 
of strength at ambient and elevated temperatures, it is necessary 

to have a high volume Fraction oF the second phase uniFormly 

distributed in the matrix on a Fine scale. OF the available 
methods oF strengthening the A1 alloys like solid solution 
hardening, precipitation hardening and dispersion hardening, 
dispersion hardening is the most promising one. The high level oF 
solute required to achieve the high volume Fraction oF Fine 
dispersoids makes it impossible to produce these alloys by 
conventional I/M route. Low solidiFication rate oF I/M results in 
substantial segregation oF alloying elements and associated course 
intermetal 1 ics- P/M technique can be successFully used to produce 
these superior dispersion strengthened alloys. The rapid 

solidiFication process along with P/M route circumvents the above 
di sadvantages oF I/M . 

P/M processed alloys based on the addition oF 
transition metals like Fe, Ni , Co, Mo and rare earth elements like 
Ce to aluminium are prime contenders For application at elevated 
temperature. These elements are characterized by a moderate to 
high liquid solubility, low solid solubility and very low 
diFFusivity in A1 . The intermetal 1 ics (aluminides) based on these 
elements are thereFore very stable thermodynamically and resistant 
to coarsening. There is considerable research activity in this 
area to develop P/M alloys For service in the range 230— 340°C. A 
number oF alloys are evaluated and the most promising compositions 
are based on the Al— Fe-Ce, Al— Fe— Co, Al-Fe-Mo and Al— Fe-Ni 
systems. The conventional 2XXX series alloys show a 24— 40X. 
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strength drop at 232°C and a 70-B07. drop at 340®C whereas these 
new generation alloys exhibit up to 37X drop at 232^C and 43% at 
340°C . 


2.1.2 RAPID SOLIDIFICATION TECHNOLOGY C RST ) 

To get very fine alloy powders from RST, different 
elements are taken in solid form in requisite ratio, melted and 
the liquid is poured down. A jet of some inert gas (Argon, Helium 
etc.) disintegrates and atomizes the liquid alloy stream into tiny 
droplets which cool down very fast to form powders. 

Unique structures, morphologies and metastable 
phases are associated with RST produced alloys which have several 
advantages over conventional ingot solidification. Foremost among 
these is the refinement of the microstructure with an accompanying 
improvement in mechanical properties. Time for coarsening during 
solidification is reduced resulting in finer secondary dendrite 
arm spacing and reduced microsegregation. Owing to the high 
cooling rates the solubility of the alloying elements is extended 
beyond the equilibrium levels and metastable phases are even 
possible. Utilizing this advantage, the heavy transition elements 
like Fe, Cr etc. which have extremely low solubility in A1 can be 
introduced. 

The extent of fineness of the microstructure is 
controlled by the cooling rate which is in the range of 10 C/sec 

55 o 

to 10 C/sBc depending on the atomization technique, average 
particle size and size distribution. During atomization, rapid 
heat loss to the surroundings causes a liquid metal droplet to 
undercool- A quantity of solid phase nucleates and grows rapidly 
into the undercooled melt. The average temperature of the droplet 
continues to decline for a short period until the rate of heat 
production exceeds the rate of heat removal and the solidification 
proceeds adiabatically. (3rant Cl 3 has correlated cooling rate with 
secondary dendritic arm spacing (DAS) and powder size. Mehrabian 
and Levi C2,33 studied heat flow during rapid solidification using 
Newtonian and non-Newtonian models and developed relationship 
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between atomization parameters, growth kinetics, interface 
velocity and undercool ing. 

2.13 CONSOLIDATION OF RST POWDERS 

The particulates produced by the RBT techniques 
ultimately have to be consolidated into useful forms. The steps 
involved in A1 alloy particulate consol idation are 
Ca) Cold compaction 

Cb) Vacuum preheating and degassing 

<c) Vacuum hot pressing 

(d) Hot working and 

Ce) Heat treatment , if required 

The atomized powders are cold compacted into 
billets by isostatic pressing at room temperature with pressure of 
approximately 414 Pa- The density of the green compacts is 
typically of the order of SOX of theoretical. Too high a green 
density can cause a too much reduction in porosity resulting in 
improper degassing. The green compacts are then canned in an Ai 
container and sealed by welding leaving an evacuation tube in 
place. Next, the canned assembly is evacuated and heated 
simul taneously for degassing, which involves removal of moisture 
and other products of decomposition from the surface of the powder 
particles. If insuf f iciently degassed, when the material is 
exposed to high temperature either during the heat treatment or 
during application, the moisture and hydrogen released can cause 
blistering in the product. The pores reduce the ductility and the 
toughness of the material as they are sources of fracture 
initiation. On the other hand, too high a degassing temperature 
might coarsen the second phase causing drop in alloy strength. 
Hence, there is a need to optimize the degassing temperature for 
the alloy system under consideration. After a degassing cycle of 
6—8 hours, the cans are sealed in vacuum. 

The canned powder is then uni axially hot pressed at 
approximately 714 MPa giving a full density product. In the case 
of Al alloys, it is necessary to impart considerable deformation 
(particle movement) in order to break down the tenacious oxide 
film on the surface of the powder particles and to establish good 
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bonding. The -final step involves heat treatment where necessary. 
The dispersion strengthened high temperature A1 alloys do not 
require any heat treatment. 

An alternative processing route eliminates the 
vacuum hot pressing step where a-fter degassing the cans are 
directly hot extruded with a su-f-ficient reduction ratio to achieve 
full density. 


2.1.4 MECHANICAL ALLOYING 

A more recent development in the processing of A1 
alloys is mechanical alloying, where the elevated temperature 
strength retention properties are derived from the fine dispersoid 
of aluminides, carbides and oxides distributed in the 
microstructure. It is an excellent way of producing reasonably 
homogeneous powders from mixed elemental powders. Elemental 
powders are ball milled in a sealed attritor in the presence of a 
carbon bearing compound such as alcohol or stearic acid. The steel 
balls impelled by rotating paddles repeatedly impact the powders 
causing their cold welding. Cold welding is controlled by the 
amount and type of the carbon bearing agent used in the process. 
The oxide layer inherently present in the powder surface is 
fractured on impact. Oxides are dispersed into the material along 
with the carbon bearing compound. New oxide regenerates on the 
fresh surface and the process is repeated. The result is heavily 
cold worked powders of a homogeneous composition and uniform 
dispersion of submicron oxides and carbides. 

At elevated temperature, materials show two types 
of deformation modes: superplasticity and dislocation creep. The 
superplastic deformation mechanism has a high value of strain rate 
sensitivity index, m. (0.3<nt£1.0) whereas dislocation creep is 
weakly strain rate sensitive (in^O.25). These two deformation 
mechanisms are discussed in sections 2.2 and 2.J. 
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2.2 SUPERPLASTICITY 

Buperplasticity is the property of a material to 
undergo large uniform plastic deformation at low stresses prior to 
failure. Elongation to failure in excess to 2007 . is usually 
indicative of superplasticity, although more than 6000% 
deformation has been reported in a few cases. Such a large 
plasticity is obtained owing to the suppression of localized 
plastic instability, i.e. , necking. The three requisite conditions 
for superplastic deformation are very fine grains resistant 
against high temperature growth (typically <10 , high 

temperature (typically above 0.5 T^) and low strain rate (in 

general , considerably lower than those for conventional hot 
working processes). A sound theoretical understanding of the 
dependence of the strain rate on temperature, grain size and flow 
stress is of significant use in optimization of these variables, 
so that the material can be deformed at the highest possible 
forming rates and still benefit from the exceptionally large, 
neck-free ductility associated with superplasticity. 


2.2.1 MECHANICAL AND MICROSTRUCTURAL BEHAVIOUR OF SUPERPLASTIC 
MATERIALS 

The typical stress—strai n rate curve -for 
superplaetic def orinati on is sigmoidal in nature having three 
regions of different slopes as shown in Fig. 1.1. Though several 
plausible hypothesis have been proposed for the origin of 
superplasticity in fine grain materials, none has been found 
capable of accurately describing both the mechanical and 

microstructural features of superplastic deformation. Considering 
each of the regions, the strain rate of deformation at high 
temperature can be expressed in terms of stress and other 
variables by Dorn equation (which was originally developed for 
power law creep) 
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< 2 . 1 ) 


Where 


% = Strain rate 

a - Flow stress 

A = Dimensionless constant 

D = Dit-fusivity 

G = Shear modulus 

b = Burger ' s vector 

k = Boltzmann's constant 

T = Temperature 

d = Grain size 

p = Grain size exponent 

n = Stress exponent 


Alternatively, equation <2. 1) can be rewritten as 

9 

f = A exp(-Q/RT) (2.2) 

d^ 

9 

Where A = Constant 

Q = Activation energy o-f the -flow process 

p, n and Q are characteristic of a certain 
micromechanism o-f de-formation which can be -found out by comparing 
the experimentally evaluated values o-f p, n and Q with those 
already established -for various basic processes. 

In a double logarithmic plot o-f stress vs- strain 
rate, the slope is the strain rate sensitivity index m 


d log O' 1 

d log £ n 


(2.3) 


The characteristic values o-f m, n, p and D -for each 
region, as commonly -found in the experiments, are shown here s 



REGION I 

m : 0.2 

n : 5 

p : 2 - 3 

Q : e - O , 

V 5fb 

The characteristics 

2.2.1.1 REGION III 


REGION II 

superplasticity 
m ; 0.5 
n : 2 
p : 2- 3 

Q : Q ^ 
gt 

o+ the three regions 


REGION III 

power law creep 
fn : 0. 2 

n : 5 
p : O - 1 
Q : Q 

V 

discussed below. 


By -far it has been identified that this region 
corresponds to power law creep, i.e. , conventional recovery 
controlled dislocation creep. The strain rate sensitivity is 
around 0.2. Activation energy tor flow is that tor lattice 
dittusion. Strain is accumulated by the glide ot dislocations 
inside the grains. Dislocation glide is resisted by various 
obstacles such as dispersoids, other immobile dislocations etc. 
Glide is therefore dependent on the rate at which the barriers are 
bypassed. At high temperatures, the thermal energy enables the 
dislocations to climb over the obstacles. The strain rate is 
therefore controlled by the rate at which the dislocations are 
available for glide. As a result of continued slip on a limited 
number of active slip systems, grains become elongated parallel to 
the tensile axis. Since the distance over which dislocations move 
between pinning points is small compared to the grain size. Lower 
the temperature and larger the grain size, more dominant is region 
III and it interferes with region II at lower e. 


2.2.1.2 REGION II 

At intermediate strain rate, the flow process is 
less well understood although there is agreement on the 
microstructural features associated with it. Strain is 

accumulated by the motion of individual or cluster of grains 
relative to each other by sliding and rolling. Grains are 
observed to change the neighbors and emerge at the free surface 
from the interior and vice versa. During the deformation the 
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grains remain equiaxed. Texture become less intense. Grain 
boundary sliding plays a significant role in this region. If 

grain boundary sliding were to occur in a completely rigid system 
of grains, then voids would develop in the microstructure. The 

holes or cavities would expand or contract as grains, moving in 
three dimensions, approached or receded from them. However many 
superplastic materials do not cavitate. Grain boundary sliding is 
therefore accommodated. Actually in course of rotation or 
sliding, a stress concentration develops. That stress 

concentration is relaxed accommodati on mechanisms, such as 
diffusion and dislocation activity which result in physical 
rearrangement of matter. Mi crostructural studies have found only 
limited evidence of dislocation activity within the grains. In 

contrast, normal large— grain non-superplastic materials deformed 
under the same conditions of strain rate and temperature often 
show well clefined microstructure. The fine grain size of 
superplastic materials coupled with low flow stress ensure that 
the equilibrium subgrain size is grater than the grain size C43 as 
subgrain size is proportional to applied stress. It might then be 
argued that the material is deforming by the conventional 
dislocation creep and that the dislocations are not observed as 
most of them are absorbed in the grain boundaries. However, the 
absence of dislocations within the grains may be also cited as 
evidence in suppor-j- of superplastic flow accommodated solely by 
diffusion. 


2.2.1.3 REGION I 

This is the least understood region of all the 
three. There has been debate among the researchers about its 
mechanism. Until now, no single deformation mechanism has been 
identified which adequately corroborates all the mechanical and 
mi crostructural character! sties of this region- No dislocation 
activity is generally seen within the grains when deformed in this 
low strain rate range, which seems to suggest that diffusion flow 
controls the deformation. It is also supported by the fact that 



at sufficiently low stresses, diffusion creep dominates over the 
dislocation creep since the stress is inadequate to initiate 
dislocation activity. The value of m in this range is not unique. 
In-227. A1 surprisingly shows a very high m value approaching 
unityE353 in this region. But other than this, ail the other 
alloys show a low m value of around 0-2 in the region I. From a 

high value in region II, the decrease in it value at low strain 
rates has been explained by various researchers in terms of 
<a) a separate independent mechanism 
Cb) sequential interaction 
Cc) threshold stress for deformation 

Each of these concepts will be critically discussed 

in chapter III. 


2.2.2 FLOW MECHANISM IN REGION II 

Grain boundary sliding has been identified to be 
playing a major role in region II, but it has to be accommodated 
by physical rearrangement o-f matter. The different accommodation 
mechanisms suggested in the literature for the steady state flow 
of this high m are as follows 

(1) Diffusional flow 
<2) Dislocation mechanism 


2.2.2.1 DIFFUSIONAL FLOW 

Nabarro and Herring developed a diffusional creep 
model considering stress directed vacancy migration through the 
lattice. But Coble suggested that at relatively lower homologous 
temperature and smaller grain sizes, the grain boundary diffusion 
dominates the lattice diffusion resulting in a mass transport 
through the grain boundaries. Generally both the Nabarro-Herring 
and Coble mechanisms, operating in parallel, contribute to 
diffusional creep. The effective creep rate is then described as 
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O B O' O ri 
£ = D ,, 

, T ©ff 

d k T 

Where B=14 

and Dj 

with 

D = E-f-fective di -f -f usi vi ty 
ef f ' 

= Lattice ditfusivity 
^gb ~ Grain boundary dit-fusivity 
Q = Atomic volume 
^gb ~ Gt-fective boundary width 


(2»4) 


(2.5) 


It follows that greater the ratio of ^ and lower 

the value of d, more will be the extent of grain boundary 
diffusion. 

But it is quite evident that pure diffusional flow 
(Nobarro-Herring and Coble mechanisms) is inadequate in giving 
rise to large plastic strain in a polycrystalline aggregate 
keeping the grain shape intact. Ashby and Verrall C53 developed a 
theory based on grain boundary sliding along with diffusional 
accommodation through the lattice as well as grain boundaries. A 
group of four regular hexagonal grains in a two dimensional model 
is considered. These grains through a neighbor switching event 
move from the initial state to the final one with an identical 
grain shape. In this process, the grains ^translate past each 
other by grain boundary sliding and accommodation strains. A 
constitutive equation based on this mechanism is derived which is 
similar to classical Nabarro-Herring-Coble equation but gives rise 
to a threshold stress for deformation (due to transient increase 
in grain boundary area) and a strain rate that is an order of 
magnitude faster. 
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2.22.2 DISLOCATION MECHANISM 

According to Ball and Hutchison E63, a group of 
grain slides as a unit along same common direction- A grain, 
Hhich does not have its boundary along the common sliding 
direction and is across the sliding path of the group, acts as an 
obstacle to the sliding process- This leads to stress 
concentration resulting in emission of dislocations from triple 
points of the blocking grain and the dislocations move to the 
opposite boundary until the back stress prevents the further 
activation of the source and sliding stops. The leading 
dislocation in the pile up then climbs into and along the grain 
boundary. This results in further sliding at a rate governed by 
the kinetics of dislocation climb along grain boundary to 
annihilation sites- Mukherjee C7,81 also developed a similar 
theory but the dislocations are assumed to emanate from ledge in 
the sliding boundary and the specific requirement of the movement 
of groups of grains is not necessary- 


2.3 MECHANISM OF CREEP IN DISPERSION STRENGTHENED ALLOYS 

In dispersion strengthened materials, strength -from 
the particles arises due to the interaction o-f dislocations with 
the dispersoids. Plastic deformation by slip involves substantial 
movement of dislocations on the slip planes which is obstructed by 
the dispersoids and cause strengthening- Orowan E93 first 
developed a model for the yielding of dispersion strengthened 
materials- The dislocations bypass the incoherent impenetrable 
particles by bowing leaving behind loops around the particles. 
The dislocations then continue to glide till they encounter other 
particles. The critical shear stress required for a dislocation 
to loop around a particle was found to depend solely on the 
properties of the matrix and the spacing of the particles 

B b 


T = 


1 


( 2 . 6 ) 


Where 
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T = critical shear stress 
G = shear modulus of matrix 
b = burgers vector of dislocations 
1 = interparticle spacing 

□rowan proposed that the sum of the yield stress of 
matrix phase and the stress to bow dislocations between the 
particles is the yield stress of the dispersion strengthened 
alloys 


<7 

y® 


matrix 


G b 

+ — ; — 


(2.7) 


Orowan's original relationship has been modified by 
Martin CIO] to account for the dislocation dipole effect, 
dislocation line tension and the mean planar spacing of particles 
of finite diameters. This more precise version is given below 


T 


0.81 G b 

2 n ( 1 - V ) 


1/2 


In ( 2r /r ) 
s o 

“Th - 2 r ) 
s e 


( 2 . 8 ) 


Where 

r = y 2/3 of particle radius 

s 

h = average center to center spacing of particle 
6 

r = dislocation core radius 
o 


Apart from strength due to particle strengthening 
at room temperature, strength also arises from grain size effect 
as per Hall -Fetch relation. These two strengthening effects may 
be added at room temperature. But at higher temperature, grain 
size effect has the opposite contribution to the overall strength 
of the material since the amorphous grain boundary area becomes 
weaker when temperature is high. Moreover, the particle 
strengthening contribution also decreases as temperature is 
increased. As the expression of Drowan mechanism contains a term, 
of matrix shear modulus( whose value naturally drops with increase 
in temperature) , the temperature dependence of modulus must 
possibly contribute to strength loss at elevated temperatures. 



But the experimental observations show that loss of strength is 
greater than that suggested by temperature compensated modulus. 
So the modulus variation can not alone account for the strength 
loss in dispersion strengthened alloys. Some other kind of 
dislocation particle interactions seem to take place at higher 
temperatures. In this regard, recovery mechanisms operative at 
high temperature are of interest. The thermal energy aids the 
climb of dislocations over particles providing additional freedom 
of motion to the dislocations. Several models have been proposed 
in relation to the climb of dislocations over the dispersoids at 
high temperature. 


2.3.1 ANSELL WEERTMAN MODEL 

The first quantitative model to describe the creep 
behavior in particle strengthened alloys was developed by Ansell 
and Weertman [113. The model considers a simple behavior of 
dislocation loops left around the particles by the dislocations 
bypassing them in Orowan mechanism. The rate controlling process 
is the climb of dislocation loops over the second phase particles. 
The incoherent particle— matrix interface is supposed to be an 
efficient source and sink for vacancies and consequently a flux of 
vacancies can occur between a climbing dislocation and the 
interface to aid the climbing process. The creep rate is given by 


Where 

Dj = lattice diffusively 
X = interparticle spacing 



2.3.2 BROWN AND HAM MODEL OF LOCAL CLIMB 


Brown and Ham 1121 proposed that at elevated 
temperature, dislocations do not bypass the particles by Orowan 
bowing. Instead, the dislocations climb locally over the particles 
by increasing their length as shown in Fig- 2-2(a)« The 

dislocation segments in between the particles bow out and the 
segments protiling the particlesC i-e. , touching the particles) 
climb over them- The energy required to increase the length ot 
the dislocation, which in turn depends on the shape at the 
particles, determines the stress Tor local climbs For a cuboidal 
particle, the critical stress is given by 

T 

T = — (2. 10) 

iTz 

This model predicts a constant value modulus 
compensated strength, which is 70% of Orowan stress, over the 
whole high temperature range- But the ratio of the observed 
strength to Orowan strength, changes with temperature from 1-0 at 
0.5 T to 0.5 at 0.95T ( T being the melting point of the 
material on absolute scale). This model fails to account for the 
observed temperature variation the strength. 

2.3.3 LAGNEBORG'S MODEL OF GENERAL CLIMB 

The primary criticism leveled against the model of 
local climb is about the stability of the process. Langeborg C133 
argued that the local climb involves sharp bends in the 
dislocation profile near the particle matrix interface. Buch 
bends increase the line strength of the dislocation unnecessarily 
and is not feasible from dislocation line energy point of view. 

He proposed that the dislocations bypass the particles by general 
climb instead as shown in Fig 2.2(b). 

For dispersion strengthened alloys, the creep rate 
vs. applied stress curve is very steep and stress exponent of 
creep rate,n, is unusually high (20 to 100 or sometimes even more 

\ 
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than 200) , whereas that tor pure metals and alloys is less than 10 
<4 to 6 -for pure metals and 6 to 9 -for alloys). The activation 
energy is extremely high, 5 to 6 times -for self diffusion of 
matrix atoms. But for climb controlled deformation mechanism 
involving diffusion of atoms, the activation energy should be 
given by that for self diffusion of matrix atoms. This behavior 
has been explained in terms of the threshold stress for 
deformation at high temperature. The possibility and 
quantification of threshold stress (o- )has been suggested by 

O 

various workers as discussed in the previous models. 
Incorporation of threshold stress in the power law creep equation 
reduces the stress exponent to 4 and normalizes the activation 
energy to that for self diffusion 


The threshold stress represents the stress below 
which no deformation occurs. By curve fitting, consistent sets of 
values for < 7 ^, A and n can be found which describe the creep data 
within a certain range of experimental conditions. 


2.3.4- ARZT AND ASHBY'S MODEL FOR EVALUATION OF THRESHOLD STRESS 

Arzt and Ashby C143 assumed the mechanism of local 

climb and that the climb does not occur over all particles 

indiscriminateiyi, but only over a fraction of them depending on 

the stress applied. At a stress a ia < a ), the fraction of 

or 

particles over which climb is necessary is 

f = 1 - -EL— (2. 12) 

n <7 

or 

At that stress, the fraction over which climb is 
possible energetical ly by increasing the line length of the 
dislocation is 
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f = -£1- (2.13) 

p a a 

or 

Where C = 0.84 E153 

a r= — (depends on particles shape) 

The traction t (climb necessary) and (climb 

n 

possible) are plotted in Fig- 2. 3 as a function of applied stress- 

The point of intersection between these two gives the threshold 

stress for deformation. At stress below a , the number of 

o 

particles to be climbed are more than those possible, hence no 

deformation takes place. At stresses higher than a , the 

o 

situation is reverse. 

The threshold stress is given by 


a = 
o 


a 

2 c + a 


O' 

or 


(2. 14) 


The values of a are dependent on particle 

morphology and vary from 1 to 2- a accordingly varies from 0.38 

o 

to 0.56 which tallies with experimental observation. But this 
this theory does not account -for the temperature dependence of o- . 


2 . 3.5 ARZT AND WILKINSON'S THRESHOLD STRESS MODEL ON ATTRACTIVE 
INTERACTION BETWEEN DISLOCATIONS AND PARTICLES 

On Transmission Electron Microscope weak beam study 
on super alloy, Arzt and Schroder C163 -found that the 
dislocations, near many particles, were in a state of local climb, 
some segments o-f them clearly sticking to the sur-face of the 
particles. So they proposed the theory of attractive interaction 
between the particles and dislocations. Srolovitz C173 analyzed 
the effect of particle— matrix interface on dislocation behavior 
and postulated that the dislocation relaxes the part of its 
energy ( line tension) when it comes in contact with the particle. 
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The attractive interaction between the dislocation and particle 
can be characterized by relaxation parameter ktl83. The smaller 
the value of k ^ greater is the relaxation of dislocation and 
larger is the detachment threshold stress given by 


T 

d or 



- k 


2 


C2. 15) 


The stress required for the process of climb as a 

function of k 

T = (2. 16) 

c or 

The variation o-f normalized t, and t with 

d c 

relaxation parameter k is shown in Fig.2.2<b>. When k < 0.94 the 
threshold stress is governed by detachment stress and when K > 
0.94 the climb resistance dictates the stress. From the same 
•figure it can also be noticed that -for moderate relaxation, the 
threshold stress is 0.4 to 0.6 o-f Orowan stress. 

As general climb is energetically more favorable 
and requires less threshold stress than that -for local climb, it 
was not clear as to why local climb is assumed to occur in other 
models. The particular advantage o-f Arzt and Wilkinson's model 
C183 is its ability to substantiate the existence o-f sharp bends 
at the particle— matrix inter-face, i.e. , local climb. But it 
cannot explain the temperature dependence o-f threshold stress. 


2.3.6 ARZT'S NEW MODIFIED CREEP EQUATION FOR DISPERSION 
STRENGTHENED ALLOYS 

Arzt and Rosier tl93 have derived a new type of 
equation for all temperature ranges based on the model of 
attractive interaction between the dislocation and particle. The 
high values of stress exponent and activation energy can be 
explained by the model 
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e = S^exp<-|/kT) (2.17) 

yhere E is the activation energy for detachment 
d 

process which has never been considered in calculations betore* 
The energy required for detachment has been derived by Arzt and 
Rosier £193 and given by 


E . = G b^r 

d 



k) (1 



(2« 18) 


The high values ot E, match with those o-f the 

d 

activation energy obtained tor dispersion strengthened alloys- 
Substituting -for the -frequency -factor and activation energy in 
equation (2« 17) 


o 

s 

D 


& K p 


exp 


[ 


6 b 


A 


(1 - k) (1 - 


a/aj 

Q 


k T 


(2. 19) 

This modified model does overcome the drawbacks of 
previous models. The logarithmic nature of relation between 
strain rate and applied stress gives a high value of stress 
exponent and attributes the high activation energy to the energy 
required for the dislocation detachment- Moreover, it 
substantiates the temperature dependence of the stress. 
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FIG. 2.2 

Distinction between local climb and general 
climb of n dislocation bypassing particles 
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riG. 2*^ 

Fraction of particles to be bypas- normalized threshold 

sed by climb (full line - "climbs stress for climb and for detachment 

necessary") and fraction of par- vs. relaxatton parameter k 

tides that can be bypassed (for 

different values of a) at a 

given shear stress. The intersection 

deiernunc'vS thi' tbreMiold stress. 

f is the volume fraction of particles. 



CHAPTER III 


CONSTITUTIVE EQUATIONS AND ANALYSIS OF MECHANISMS 


3.1 INTRODUCTION 

In the high temperature de-formation, two or more 
processes may interact with each other and contribute towards the 

total flow rate. Suppose two stresses a and a drive two 

12 

processes, 1 and 2, and cause flow rates and respectively. 

To illustrate the way total stress and strain rate should be 
related, the following constitutive relationships are assumed for 
the two processes 


n 

Process Is s - k o' ^ (3-1) 

1 11 

n 

Process 2s s - k a ^ (3.2) 

2 2 2 

where and n^ are stress exponents and hence 

characteristics of the two deformation mechanisms. k and k are 

1 2 

constants for particular experimental conditions and depend on 
grain size, temperature and other physical variables- 

Provided that no additional mechanism generates 

heat and otherwise dissipates energy, the total work done by the 
applied stress should equal the work done by the two processes. 
If a be the total applied stress and s be the total flow rate, 
then the rate of work done per unit volume is 

a s = as + as Co-. 3) 

11 2 2 

If these two processes are xndependBTit (also called 
paralJeJ) of each other, i-e. , one can operate without the help of 
the other, each one experiences the full applied stress 


a ^ a - a 

1 z 


(3.4) 
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Substitution of equation C3.4) in C3.3) brings out 
that the total observed flow rate is the sum of the individual 
ones 


g = g + g (3.5) 

1 2 

Bo equations (3.1) and (3.2) in (3.5) gives 

n n 

g = ko'^ + k a ^ (3.6) 

1 2 

On the other hand, if the two processes are 
interdepefxient (also called sequ&ntiaJ or series) ,i«e», the 
operation of one is the requisite condition for the continuation 
of the other, then preserving geometrical integrity of the 
specimen E203 


o o o 

s — e — e 
1 2 


(3.7) 


Equations (3.3) and (3.7) are satisfied if 


(7 = a + c7 (3.8) 

1 2 

i.e«, the applied stress is distributed between the 
two processes. Substitution of equations (3.1) and (3.2) in (3.8) 
gives 


l/n 1/n 

■ 1+) • w 


(3.9) 


This can be simplified since m == 1/n 


m m 

<7 = Kg Kg ^ 

1 2 


(3. 10) 


where K and K are two other related constants ; 
12 

and m are strain rate sensitivities of process 1 and 2. 
s ^ 

The results of the irtdependerit and inter dependent 
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interactions are illustrated in Fig. 3,1, where AA and BB 

represent the -flow mechanisms. The thick continuous line is the 

resultant -flow curve when the mechanisms are independent and 
broken line when they are interdependent , 

The concept of independent and interdependent 
interactions can be considered to explain the typical sigmoidal 
O' — £ curve o-f superplasticity. The three regions, I, II and III, 
o-f difterent slopes suggest di-f-ferent types o-f interactions at 
each region. From a high value oF m in region II, the reason For 
the decrease in m value at low strain rates has been a subject oF 

debate since long and so there is a need to weigh and critically 

discuss the diFFerent possibilities. A clear understanding oF the 
eFFect dF the diFFerent physical variables like temperature, grain 
size etc. on the relative predominance oF diFFerent regions, which 
in turn changes the slope oF the o' — s curve, is very much 
necessary. Moreover, the method oF identiFi cation oF the Flow 
mechanisms, operative in diFFerent regions is also worth 
exploring. 


3.2 INTERACTION OF INDEPENDENT AND INTERDEPENDENT FLOW 
MECHANISMS IN SUPERPLASTICITY 

IF the characteristic values oF diFFerent 
parameters in equation (2-2) are known, then using these values oF 
ft I P, Q and n, the constitutive equation For a given deFormation 
mechanism can be plotted in a double logarithmic graph oF o vs- $ 
which gives a straight line oF slope m (= 1/n) . In Fig. 3.2 AA 
and BB are Flow mechanisms representing region III and region II 
constitutive equations. The two regions are separated by a center 
~ line passing through the intersection oF AA and BB. By Far it 
can be said that these two mechanisms are independent since result 
oF their independent interaction, represented by thick continuous 
line, completely tallies with region II to III transition portion 
dF experimental <>• - B plot oF any superplastic material. Had 
there been an interdependent interaction, the resultant plot would 
have looked like that presented by the thick dashed line. 



Unlike the clarity in region II to III transition^ 
the nature of region I mechanism and its interaction with region 
II mechanism have been the bone of contention for a long time* 
The three major possibilities, as suggested by various workers are 

<1) A separate mechanism with independent 
interaction with region II 

C2) An interdependent interaction with region II 
<3) A threshold stress for deformation 


3.2.1 AN INDEPENDENT MECHANISM FOR REGION I 

If an independent mechanism exists in region I, 
then either it has an m value lower than that for region II 
mechanism (represented by BB in Fig- 3.3) as shown by CC, or it 
has an m value higher than that as shown by DD« In the former 
case, at region I, at any strain rate CC demands higher flow 
stress than BB which makes CC unfavourable to BB- The resultant of 
independent interaction between BB and CC is shown toy the dashed 
line whose slope decreases continuous! y with the increase in 
strain rate. In region II it exhibits a slope charactreri stic of 
CC rather than that of BB II which is unreasonable since it is BB 
that corresponds to region II- So the possibility of any 
independent mechanism in region I having lower slope than region 
II mechanism can be quite conclusively ruled out- 

On the other hand, when the independent mechanism 
in region I CDD) has a higher slope than that for region II (BB) , 
the resultant curve is shown by the thick solid line. This 
possibility justifies the experimental findings for In - 22X A1 
E21II where region I has slope approaching 1-0 which is greater 
than the m value of region II and it was identified to be Nabarro 
- Herring creep mechanism- But other than Zn *- 22Z A1 , all the 
other superpiastic alloys exhibit a smaller slope in region I. 



3.2.2 AN INTERDEPENDENT MECHANISM FOR REGION I 


In Fig. 3.4, BB and CC are region I and II 

mechanisms respectively. The resultant of series interaction 

between BB and CC is shown by thick solid line. As per equation 

(3.10), the constitutive equation for such an interaction 

occurring both in region I and II is 


a • 


Ki 


K B 


<3.11) 


The resulting o' - B plot has a low m value in 
region I (corresponding to CC) and a high m value in region II 
(corresponding to BB) . This trend is similar to the experimental 
observations of most ot the superplastic materials (other than Zn 
- 22% A1 ) as discussed in the previous section). 


3.2.3 THRESHOLD STRESS FOR SUPERPLASTIC FLOW 

A threshold stress, a , fixed stress which may 

o 

vary with the physical variables like temperature or grain size, 
but independent of applied stress and strain rate. The applied 
stress must exceed the threshold stress before the deformation can 
occur. Thus it can be represented by a horizontal lineincy - % 

plot, as shown by CC in Fig. 3-5 . The resultant curve, shown as 
thick solid line, has a constitutive equation 


m 

O* = <7 + K S 

o Z 


C3. 12) 


It is to be noted here that incorporation of a 
threshold stress for deformation tantamounts to nothing but a 
special case of series interaction where one process is just 
strain rate independent. The overall a -s plot exhibits an 
increasing slop with increasing strain rate and it is divided into 
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regions I and II on the basis o-f m value. The same constitutive 
equation (3.12) is thus valid far both the regions. The resultant 
curve corroborates the experimentally observed c ~ £ curves o-f 
most o-f the superplastic alloys (other than Zn - 22% A1 ) . 


3.3 EFFECT OF THE MAGNITUDE OF THRESHOLD STRESS ON STRESS - 
STRAIN RATE BEHAVIOR 

When a threshold stress is operative, the slope o-f 
log a — log % curve, m, drops asymptotically towards zero as 
applied stress approaches the threshold stress in low strain rate 
ranges. Only at high strain rate, when o' is very as compared to 
a , m can approach the value characteristic o-f the superplastic 

O 

region. Under this condition, region II appears as a transition 
stage between two low m regions, one arising from the threshold 

stress a and the other from region III. Then the peak value of m 

o 

in region II is dependent on the magnitude of a on one hand and 

o 

on the onset of region III on the other. The effects of the 

magnitude of a on the shape of O' — c curve and m — % curve are 

o 

illustrated in Fig. 3.6 and 3.7 respectively. 

Murty et al . E22, 233 have worked on fine grained 
dispersion strengthened Al alloys and have observed that a drops 

O 

exponentially with rise in temperature and varies inversely with 

grain size. They have proposed an empirical relation o-f the 

following type to incorporate the effects of temperature and grain 

size on a 
o 


O' = Acf exp(Q/RT> 

O 


(3. 13) 


where p is grain size exponent with a typical value 

of -1. 

They have observed a cross— over of a plots of 

O 

different grain sizes at a given temperature, as shown in Fig. 

3.8. The observation of a positive grain size exponent in region 

II and a negative one in region I can be reasoned out on the basis 

of equation (3.13). The o - % plots are shown for two grain sizes 



d and d (d > d ). The dashed lines show the shape o-f the 
1 z 1 z 

curves had there been no threshold stress, whereas solid lines 

show the shape o-f the curves -for the existence o-f For a 

positive value o-f p in region II mechanism, curve for falls 

below that for d in region II. But according to equation (3.13), 

threshold stress ia " ) for finer grain d is more than that for 

o z 

d (cy ' > . Hence in the low strain rate range, the curve for d 

1 o 2 

is flatter than that for d^ and the two curves may even cross over 

if cf " is sufficiently large compared to a ' . Thus it appears 

o o 

that region I has a negative grain size exponent, which is the 
manifestation of the physical process involved. 


3.4. EVALUATION OF THRESHOLD STRESS 

As discussed in section 3-1-3, one o-f the ways of 
interpreting existence of region I is by incorporating a threshold 
stress a for superplastic deformation. When there is a threshold 

o 

stress, a part of the applied stress, <?•, is required for 
surmounting the barrier for the flow mechanism and the remaining 
part, , activates the flow process. Thus 

or = O' — or <3. 14) 

eff o 

Now substituting equation (3.14) in the Dorn 
equation (2-1), the constitutive equation for region I and II can 
be rewritten as 


e = AD 


l/Tl 


a - or - S 
o 



" cy — <7 

o 

1" 

d J 1 

B 

J 

1 

r 1 1 

d Y 

AD 

[ Gb J 1 

Lm J 


i.y'n 


(3. 15) 


(3. 16) 


It can be written as 
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. t' o 
<7 = a + K ^ 


m 


C3. 17) 


where 


K = G 




i 

r kT ^ 


AD 

1 Gb J 

U J 


(3. IB) 


K is a constant which depends on physical variables 

like temperature and grain size- 

For a certain deformation mechanism, there is a 

characteristic m value which is greater than or equal to the 

experimentally observed maximum m value in region II « A double 

linear plot of applied stress a vs. with the characteristic 

value of m will show a linear trend of experimental points- The 

best fit straight line through the experimental points will have a 

slope of K and an intercept of cy - It must be noted that the 

o 

proper choice of m is very crucial here. In fact several a vs. e 
plots can be generated for a series of in values and the one 
(greater than or equal to the experimentally observed maximum m 
value in region II) which shows a best linear fit of experimental 
points, can be chosen as the characteristic m for the concerned 
case. 


3.5 VALIDITY OF THE CONSTANT THRESHOLD STRESS CONCEPT 

Murty et al . C22, 233 have worked extensively on 
the fine grain dispersion strengthened Al alloys. They found the 
maximum m value to be around 0.45 for Mn modified Al— Zn-Mg— Cu and 
Al- 4X Ti alloys E22, 233, whereas the typical m value for region 
II mechanism, as reported in the literature, is 0.5. They 
selected this typical value of m = 0.5 as the characteristic one 
which is quite reasonable in all aspects. But on plotting o vs. 

there were deviations from linear trends in the low strain 
rate range in some cases. As the choice of characteristic m value 
is reasonable, the validity of the constitutive equation (3.18), 
on the basis of which their analysis was done, may be 
questionable. The fact that the deviation from linearity in such 



plots increases with the decrease in strain rate, seems to suggest 
that the threshold stress o , which has been assumed constant, may 

O 

be dependent on strain rate. Considering the strain rate 

dependence ot threshold stress 

m 

o- = K S ^ (3.19) 

O 1 

where^ is characteristic o-f the threshold process 
■for de*f ormation. Substitution o-f equation <3. 19) in equation 
<3-12) results in 

m m 

cr = K 3 ^ + K 3 ^ (3.20) 

1 2 

This is the typical constitutive equation for 

interdependent interaction of two flow mechanisms. Accordingly 

these observations on superplastic behaviour need to be considered 

in the light of the possibility of the strain rate dependence of 

threshold stress as given in equation (3.20). The effect of the 

magnitude of m^ on the shape of the cy — s plot is illustrated in 

Fig. 3.9 along with the situation of a constant threshold stress 

Cm = 0) and when there is no threshold stress at all CK = 0). It 
1 1 

can be observed that at a given strain rate, higher the value of 

m 5 less is the value of the threshold stress. 

1 


3.6 POSSIBILITY OF m = i FOR REGION II MECHANISM 

Although the typical m value characteri etic of 

region II is generally taken as 0.5, region II mechanism may as 

well be imagined to have an m value as high as unity (e.g. Ashby — 
Verral model 151). But attaining such a high value o^ m in the 
experimental observations may be eclipsed by high magnitude o-f the 
threshold stress on one hand and by the early onset o-f low m 
region III on the other. Then the observed maximum m value may be 
lower than unity because of these two inter-fering e-f-fects. 

Keeping this possibility in mind, data analysis needs to be done 



as discussed in section 3.4 with m 


1 . 


3.7 EFFECT OF GRAIN SIZE AND TEMPERATURE ON THE ONSET OF REGION 
III 

The common observation that the transition from 
region II to region III is delayed as the grain size becomes finer 
and temperature increases, can be rationalized as follows. As the 
grain size decreases, the stress - strain rate curve AA of region 
III (shown in Fig. 3.10) is nearly independent of grain size ( p = 
O ~ 1 for region III) whereas region II curve BB shifts downwards 
as the flow stress in region II decreases strongly with the 
decrease in grain size (p = 2 3 for region II). Accordingly 
their point of intersection shifts to higher strain rate with the 
decrease in grain size. 

The temperature effect on the onset of region III 
has been illustrated in Fig. 3-11. When the temperature 
increases, both the lines AA and BB shift downwards because the 
flow stress decreases for both the processes with the increase in 
temperature- Their point of intersection representing region II to 
III transition is shifted to higher strain rate. 


3.8 POSSIBILITY OF AN INDEPENDENT FLOW MECHANISM AT LOW STRAIN 
RATES 

I-f the threshold stress for the superplastic flow 
is very high, then there is a possibility that the independent 
flow mechanism of region III may manifest itself at low strain 
rates as shown in Fig. 3.12. Regions II and III mechanisms being 
mutually independent, the resultant stress - strain rate curve 
would be as shown by the dashed line. It is to be noted here that 
unless the interaction between region III and region I curves 
takes place within the experimentally measurable strain rate 
range, it will not be possible to have an independent flow 
mechanism of this type at low strain rate range. 



3.9 DISTINCTION BETWEEN DISLOCATION CREEP AND SUPERPLASTIC FLOW 
MECHANISMS 

An m value o-f 0.3 may be used to distinguish 
beti^een superpi asti ci ty and conventional plasticity. In rapidly 
solidified A1 alloys with -fine grain mi crostructure and a high 
volume -fraction o-f intermetal 1 i c dispersoids, there is the 
possibility of superpi asti c flow on one hand and recovery 

controlled creep on the other. So when such a material shows a 
low maximum m value , ambiguity arises in deciding whether it is 
due to normal dislocation creep or due to the suppression of high 
m value region II by high magnitude of threshold stress and early 
onset of region III. A low m value does not necessarily signify a 
low characteristic m value of the operative flow mechanism. Hurty 
et ai . C243 worked on RST/PM route processed Al-Fe-V-Si alloys 

which had submicron size grains stabilized by fine dispersoids. 
Although the maximum m value was found to be only around 0.2, 
their analysis was based on a superplastic flow (m = 0-5) with a 
high threshold stress. Sherby et al . C253 have questioned the 

validity of this analysis based on superplastic flow mechanism 
when the observed maximum m value is so low. Instead, they have 
considered an analysis based on dislocation creep mechanism with 
n=8. 

3.10 OBJECTIVE OF PRESENT STUDY 

From the above analysis o-f the stress - strain rate 
behaviour of superplastic materials, it is clear that there are 
various possibilities in the identi-fi cation and mode o-f 
interaction of di-f-ferent de-formation mechanisms particularly in 
region I. Previous works in the tield o-f -fine grained dispersion 
strengthened alloys have interpreted the region I in terms o-f a 
threshold stress -for superplastic de-formation. In view o-f the 
deviations in the experimental data from predictions basd on -for 





this type o-f i nterpretati on in some cases, there is a need to 
critically assess the operative mechanisms. Furthermore in some of 
the alloys with fine grains and dispersoid, it is not clear 
whether the operative mechanisms at elevated temperatures is that 
of superplasticity or dislocation creep with a threshold stress. 
The present study is aimed at e>?ploring the type of interaction 
between possible flow processes and nature of constitutive 
equations for regions I and II of superplastic materials and 
distinguishing the operative mechanisms between superplasticity 
and dislocation creep in materials exhibiting lower rate 
sensitivity- 
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Fig. 3.1* Result of independent and interdependent 
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Fig. 3.5: A threshold stress for superolastic deformation 
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Fig. 3.6: Effect of the magnitude of threshold stress on the 
stress-strain rate behaviour of superplastic materials 
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Fig. 3.7: Effect of the magnitude of threshold stress on the apparent 
strain rate sensitivity of superplastic materials 
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Fig. 3.8: Cross-over of stress-strain rate plots at a given temperature 
due to the qrain size dependence of threshold stress 
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Fig. 3.7: Effect of the magnitude of threshold stress on the apparent 
strain rate sensitivity of superplastic materials 
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Fig. 3.8: Cross-over of stress-strain rate plots at a given temperature 
due to the grain size dependence of threshold stress 
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Fig. 3.11: Effect of temperature on region II to III transition 
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Fig. 3.12: Possibility of independent flow mechanism at low strain 
rates due to the interference of region III flow process 




CHAPTER IV 

EXPERIMENTAL PROCEDURE AND RESULTS 


4..1 MATERIALS 

Both the 7075 series modi-fied A1 alloys 
(Ai-Zn-Mg-Cu plus moditier) , i.e. ,Mn and Mo modified ones were 
available in the form of cylindrical rods of approximately 15mm§ x 
30cm dimensions. The processing method for such RST/PM route 
processed A1 alloys was discussed in section 2.1.2 and 2.1.3. The 
typical mi cr ostructure of such alloys consists of very fine grains 
with both precipitates and dispersoids in the A1 matrix. The 
different alloying elements, e.g., Zn, Mg, Cu give the 
precipitates whereas the modifier (some heavy transitional element 
like Mo, Mn , V etc) forms the insoluble intermetallic phase which 
imparts high temperature strength to the material and stabilizes 
the fine grains against coarsening at high temperatures. The data 
were also considered from the literature for two other alloys, 
Al— 4X Ti C231 and Al— Fe— V— Si C24II for reanalysis. The 
compositional and the microstructural details of all these four 
allays are given below. 


4.1.1 Al-Zn-Mg-Cu-Mn ALLOY 

The composition of the alloy is cited from the 
previous work of Murty et.al C223 


Table 4.1 

Conqjosltion of Al-Zn-Mg-Cu alloy 

Element Zn Mg Cu Mn Cr Fe Al 

Weight X 6.48 2.77 1.95 3.87 0.21 0.16 balance 


The microstructure consists of fine intermetallic 
dispersoids of MnAl^ with a volume fraction of 0.15. These grain 
sizes were developed by coarsening the alloy at 520 ®C for two 
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di-f-ferent time periods o-f 120 hours and 263 hours. Their ^ 

grain 

sizes are C22jl d — 0.7i0.2^m (Mn as received) , d = ^ • S+q 

(Mn-120Hr) and d = 2.5±0.7^m <Mn-263hr) 


4.1.3 A1-4?C T1 ALLOY 

The stress strain rate data o-f this alloy 

^ Were 

obtained from the earlier work C233 in the temp range of 525 to 

625 C. Out ot the three types of samples o-f dit-ferent grain _ 

2 es ^ 

one is mechanically alloyed and the other two are RST/PM ^ 

processed. These samples have around 10 volume percent o-f .. 

+ ine 

submicron size ^IgTi intermetal 1 ic dispersoids in their 
microstructure. In addition, the mechanically alloyed one 
approximately 4 volume percent ot even finer Al C 

dispersoids (<0. 1 ^m) . These details are summarized below. 


4 3 


Table 4.2 

Particulars of A1-43C Ti alloy 


Alloy code 

Processing 

Dispersoid 

Grain Size 

AM-4C 

Mechanical 1 y 
al loyed 

Al Ti Ai C 

3 4 3 

■4-Al 0 

2 3 

i.0±0,28 

AT-4 

RST/PM 

Al Ti 

3 

i.6±0.45 

AT-4C 

RST/PM 

Al Ti 

2-6±0.74 


3 


4.1.3 A1 -2ii-Mn-Cu-Mo ALLOY 

The insoluble dispersoid phase is identified to be 
MoAl^^ with a BCC structure and lattice parameter of 7.581 8 <the 
details of the X-ray diffraction study are given in section 4.2). 
Samples with three different grain sizes were developed by 
annealing the received samples at 500®C for 120 hours and sqq 
hours. These are named as Mo— as received, Ma-l?0hr and Mo— 500hr. 
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The composition of both the modi-fied Al-Zn-Mg-Cu 
alloys were designed with the purpose o-f having the same volume 
■f on o-f dispersoids, around 0.15. Although the actual chemical 
composition of the Mo modi-fied alloy is not available, the Mo 
content can be estimated on the basis o-f the above consideration. 
The Mo content estimated thus is 4. OS volume percent and the rest 
o-f the composition is similar to the Mn modified alloy. 


4. 1 . 4 A1 -Fe-V-Sl ALLOY 

The stress strain rate data for this alloy were 
taken from the literature C243 in the temperature range of 475—575 
°C. Here the three types of samples have different chemical 
composition, different volume fraction of intermetal 1 i c phase and 
different grain sizes. But in all the three samples the fine 
intermetal lie dispersoids that stabilize the structure is a 
complex Al^^(FeV)^Bi phase. The relevant details of the alloy are 
tabulated below C243. 


Table 4.3 

Particulars of Al-Fe-V-Si alloy 


Alloy Composi tion (wt%) Dispersoid Grain Dispersoid 


code 

Fe 

V 

Si 

A1 

Vol ume X 

Size 

dia 

(/urn) 

lie 

5.95 

1.00 

1.02 

bal 

16 

.72±.24 

. 15±.06 

486C 

8.75 

1.60 

1-60 

bal 

26 

.44±.09 

. 141.04 

480C 

11.61 

1.38 

2.23 

bal 

36 

.40+. 09 

.081.03 


4..2 X-RAY DIFFRACTION 

x-ray diffraction was made use of in identifying 
the second phase of the Mo modified Al-Zn-Mg— Cu alloy. The sample, 
in the shape of a disc, was annealed at 500*^C for 5 hours to 
dissolve all the precipitates other than the insoluble dispersoid 
phase which is to be identified and then quenched. X-ray 
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Table 4,4 

X-ray diffraction data 

X = 1.54056 8 ( Cu K ) 

a 

V = 30 KV 

Scanning speed = 0.6°/min ( in 26 ) 
Counts per min = lOK 
Time constant = 10 sec 


Observed values 

Values from ASTM data 

card for lioAl 

12 

Line 

26 

d = 

I/Io 

d 

I/Io 

hki 

no* 


X/2Sin6 





1 

16.5 

5.368 

100 

5» 361 

100 

110 

2 

29-0 

3.076 

42 

3.095 

33 

21 1 

3 

37.6 

2.390 

79 

2.397 

86 

310 

4 

41. 1 

2. 194 

28 

2. 189 

38 

222 

5 

44.7 

2.026 

82 

2.026 

71 

321 

6 

48.0 

1.894 

16 

1 . 8954 

11 

400 

7 

51.0 

1.789 

12 

1 . 7870 

6 

330 

8 

59.8 

1.545 

9 

1 . 5476 

9 

422 

9 

62.4 

1.487 

9 

1.4868 

13 

510 

10 

72-7 

1.299 

15 

1.3002 

13 

530 

11 

75.2 

1.262 

10 

1.2636 

6 

442 

12 

77.6 

1.230 

21 

1.2299 

15 

532 
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di^-fraction spectrum was recorded using a Cu target. To locate the 
position of the major diffraction peaks, at first a rapid scan 
(3°/min) was made from 0°to 150® 29 values. In the second step 
slow scanning {0.6 /min) was done near the peaks in order to get 
more accurate 29 values for the peak positions. 

After the solutionising and quenching treatment, 
there are only two phases in the microstructure, viz., the 
insoluble i ntermetal 1 i c phase and the aluminium solid solution 
matrix with the other alloying elements Zn, Mg and Cu. The peaks 
of the A1 solid solution are nearly at the same angles as those of 
pure A1 , since the lattice parameter of the A1 solid solution is 
only slightly different from that of pure A1 . Only the peaks other 
than those of A1 solid solution were indexed. The 29 values of the 
peaks were compared with those of the probable intermetal 1 ic 
compounds from the ASTM data cards and the phase was identified to 
be the binary compound MoAl^^, which has a BCC structure with 
lattice parameter of 7-581 8. The observed 29 and intensity values 
and those from ASTM data card are shown in table 4.4. 


4.3 DIFFERENTIAL STRAIN RATE TEST 

Differential strain rate test under compression was 
carried out in a 10 ton MTS 810 machine in order to obtain the 
stress strain rate data for Mn and Mo modified alloys in the 
temperature range of 450-550 C. A cylindrical split furnace was 
used for this high temperature testing. The diameter and length of 
compression specimens of Al-Zn-Mg-Cu-Mn alloy are 7mm and 11mm and 
those for A1 -Zn-Mg-Cu-Mo are 9mm and 12mm. To achieve the step 
change in cross head velocity the machine was set in single cycle 
mode and a certain rate was fixed, the load versus displacement 
data are recorded. Then the cross head measurement was arrested by 
pressing the hold button, a new rate was set, the hold button was 
released and the load vs- displacement corresponding to this new 
cross head velocity is recorded. Starting with a cross head 
velocity of 4. 1 4~‘^mm/sec , the speed is successively increased to 
the next higher level ® step of 2.5 upto a maximum of 
l-56mm/sec- the strain rate sensitivity, m, was calculated by the 



4B 


rel at i on 


ln(P /p ) 


Where P^and P^are steady state loads corresponding 
to cross head speeds V^and V^respecti vel y . From the load Vs. 
displacement data the true stress vs true strain rate and m vs 
true strain rate data were calculated making use of a computer 
program (given in the appendix A). A new specimen was used for 
each test temperature. At each cross head speed, the test was 
continued till the steady state was reached and only after 
attaining that, the cross head speed was changed to the next 
higher one. The strain given at each cross head speed was about 
2-37.. 


44 RESULTS OF MECHANICAL TESTING 

The behavior of the four alloys considered 
(including the two alloys, data for which have been taken from 
literature) can be classified into two distinct types. Two alloys, 
Mn modified Al— Zn— Mg— Cu and Al— 4Z Ti exhibit high values of m upto 
around 0.45 which is a clear indication of superplastic behavior, 
where as the other two alloys Al-Fe-V-Si and Al -Zn-Mg-Cu-Mo 
exhibit rather low values of m upto 0.23. Accordingly their 
behavior is grouped into higher and lower strain rate sensitivity 
types. 


4.4.1 ALLOYS SHOWING HIGHER STRAIN RATE SENSITIVITY 

The specimens of Mn modified Al-Zn-Mg-Cu alloy with 
different grain sizes were tested at temperatures, 400®C,450'^C and 
S00°C in the strain rate range of 10 to 10 * /sec. Their aS 
plots and the corresponding m vs s plots are shown in Figs 4.1 to 
4.6. A little strain softening was observed only at the highest 
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TABLE 4. 5Ca) 

MAXIMUM m VALUES FOR THE Mn MODIFIED Al-Zn-Mg-Cu ALLOY 


Sample 

rr^rtp 

Grain 

7 e 

Test 

Temperature 

(°C> 


(^im) 

400 

450 

500 

Hn— as received 

0.7 

0.27 

0.32 

0.37 

Mn-120 hr 

1.3 

0.25 

0.32 

0.41 

Mn— 263 hr 

2.5 

0.25 

0.31 

0.40 


TABLE4. 5Cb) 

MAXIMUM m VALUES FOR Al-4JCTi 1231 
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Table 4*6Ca> 

MAXIMUM m VALUES FOR Mo MODIFIED Al-Zn-Mg-Cu 


Sample 

code 

Test Temperature (®C) 



400 

450 

500 

550 

Mo-ae received 

0.11 

0. 10 

0. 16 

0,21 

Ho- 120 hr 

0. 15 

0.11 

0. 16 

0.22 

Ho— 500 hr 

0. 18 

0. 15 

0. 18 

0.23 


Table 4. 6Cb> 

MAXIMUM m VALUES FOR Al-Fe-V-Si 1 24] 


Sample 

code 

Grai n 

size 

(pm) 

Volume 

pet. 

Test Temperature (^C) 

400 

450 

500 

480C 

0.40 


0.11 

0. 13 

0. 16 

486C 

0.44 

1 26 

0. 11 

0. 13 

0. 17 

lie 

0-72 

H 

0. 10 

0. 14 

! 

O. 15 
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tenipsi^sture of testing, 500 C, which might be due to dynamic 
recrystallisation. The o^s plots for various grain sizes at 500°C 
are compared in Fig 4.7. The maximum m value for each sample is 
tabulated in table 4.5(a). 

For the A1-4X Ti alloy, stress-strain rate data 
have been taken from the literature C233. The a-s plots are shown 
in Fig 4.8 to 4.10. The cr-s plots at 605°C for different grain 
sizes are compared in Fig 4.11 to illustrate the effect of grain 
size on the shape of stress— strain rate behavior. Their maximum m 
values are shown in table 4.5(b). 


4.4. 2 ALLOY SHOWING LOWER STRAIN RATE SENSITIVITY 

As regards to the Mo modified Al-Zn-Mg-Cu alloy. 
Three types of samples of varying grain sizes, Mo-as received, 
Mo-120hr and Mo-500hr , were tested at 400,450,500 and 550®C. The 
o-s plots and the corresponding m-s plots are shown in Fig 4.2 to 
4.17. Comparative o— 2 plots at 500°C for various grain sizes are 
shown in Fig 4.18. The observed maximum m values for various 
samples are given in table 4.6(b) 

Where as the previous three alloys have same volume 
fraction of dispersoid phase but different grain sizes, the 
Al-Fe-V~Si alloys are of three different compositions with 
different dispersoid content as well as grain sizes. The 
stress-strain rate data were taken from the literature C243 and 
the various plots are shown in Fig 4.19 to 4.21. At 575®C, the <7-£ 
curves are compared in Fig 4.22. The maximum m values for various 
samples are listed in table 4.6(b). 
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CHAPTER V 
DISCUSSION 


The high temperature deformation behaviour of the 
four alloys shows distinctly two types of trends. alloys Hn 
modified Al-Zn-Mg-Cu and Al-4% Ti , exhibit high values of m that 
clearly indicate their superplastic behaviour, whereas the other 
two alloys. Mo modified Al^Zn-Mg-Cu and Al— Fe-V— Si, show rather 
low values of m. Hence these four alloys have been classified 
into two groups which are discussed separately. 


5.1 ALLOYS EXHIBITING HIGH VALUES 

5.1.1 Stress - Strain Rate Behaviour 

As regards to the Mn modified Al-Zn-lig— Cu alloy at 
400°C, the a - s plots show decreasing slope at high strain rate 
range, especially evident Tor Mn-J20hr and Mn-2(b3hr samples, 
suggesting the onset of low m region III. At higher temperatures 
of 450 and 500^C, the a - I plots show increasi ng slopes with 
increasing strain rate for all the grain sizes. The m - s plots 
at higher tempcjratures show only regions I and II and region III 
seems to be outside the strain rate range experimented. From the 
maximum m values, tabulated Table 4.5(a), it is observed that 
the effect of temperature on il^ is very distinct. In all the 
cases, with increase in temperature, the maximum m value of cr - e 
plot increases signifying the predominance of region II mechanism 
with increase in temperature- The highest value of m is 0.41 
which is a clear indication of superplastic behaviour- 

For the Al-’^X Ti , the <r - e plots are typically 
sigmoidal in nature, clearly showing three regions. Their slopes 
increase with strain rate and then decrease. But region III is 
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comparatively less prominent in the mechanically alloyed sample (d 
= 1.0 -for which m < 0.2 . This value is low compared to the 

trends shown by the other two grain sizes. Here it is to be noted 
that the sample has 4 volume percent higher dispersoid content 
(additional A1 O and A1 C dispersoids coming “from mechanical 
alloying process) than the other two. From Table 4.5(b), it is 
observed that both temperature and grain size (unlike the Hn 
modi-fied one) have distinct e^-fect on the maximum value o-f m 
observed. Maximum m value increases with increase in temperature 
and also with increase in grain size. The highest value o-f m 
observed -for this alloy is 0.45 which is even higher than the 
previously discussed Mn modified Al-Zn-Mg-Cu alloy. 


5.1.2 INTERPRETATION OF REGION I IN TERMS OF THRESHOLD STRESS 

As discussed in section 3.2.3 and 3.4, the increase in m 
with the increase in strain rate to a high value characteristic o-f 
region II can be interpreted in terms o-f a threshold stress -for 
superplastic flow. It may be recalled that the constitutive 
equation for supt.T p 1 ast i c flow with a threshold stress is given by 
Eqn. (3.17). I-f mu h an equation is applicable, the issue is then 
to evaluate the be* t values of and m that are consistent with 
the experimental data <or each test temperature and grain size. 

Several o- vs. pint* can be generated with the experimental 

stress-strain rate chit a of regions I and II for a series of m 
values and the one which shows the best linear fit of experimental 
points should be ctuu.en as the characteristic m for region II flow 
mechanism- This made of analysis has been attempted for all the 
samples (a computer program by means of which such data analysis 
has been done is given in Appendix B) . Typical two results for two 
alloy samples have* been presented in Fig. 5.1 and Fig. 5. 2. In both 
the cases, best linear fit are obtained in the range m = 0.2 to 

0.3. At higher m values experimental points deviate from linear 

trend in the low strain rate domain especially for finer grain 

size and lower temper uiure, suggests that the characteristic 
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m value lies in the range of 0.2 to 0.3 . But this possibility can 
be ruled out since the characteristic m must be greater than or 
egual to the exper i mental ly observed maximum m -for region II. Thus 
the manifestation of best linearity of a vs. e"' plots with low m 
values is of little physical significance. 

The maximum m for Mn modified Al-Zn-Mg-Cu alloy is 0.41 
and that for Al— 4Z Ti is 0.45 whereas the typically reported value 
of m for region 1 1 of a number of superplastic materials in the 
literature is 0.50 « Thus it is reasonable to consider an m value 
of 0.5 as typical of region II flow mechanism. With m=0.5, Eqn. 
3- 17 reduces to 


cr = O' 

o 


,,om 


(5.1) 


For both the alloys, at all temperatures and grain 
sizes, is evaluated from the intercept made by the best fit 
straight line through the experimental points in the linear plot 
of O' vs. 2^'^ and the results are presented in Tables 5.1Ca) and 
5.1(b> . 

Here it is to be noted that when the whole set of grain 
sizes and temperatures are considered, there are some plots which 
exhibit reasonable linearity. Nonlinear behavior at low strain 
rate range is more evident with f.iner grain size and at lower 
temperature. But if the characteristic m values were 0.5, then the 
reason for this deviation from linearity in some cases needs to be 
assessed. This aspect is discussed in the next section along with 
its implications. 

It is evident from Table 5.1 that cf^ is a strong 
function of temperature. It drops rapidly with increase in 
temperature, suggesting that the process causing the threshold 
barrier is eased out with the thermal energy provided at high 
temperature- It also seems to drop with the increase in grain 
size. The temperature and grain size dependence of O'^ is 
represented by Eqn- 3.13 . 

In Figs. 4.7 and 4.11, o - 2 plots for various grain 
sizes have been juxtaposed at a given temperature for Mn modified 
Al-Zn-Mg-Cu and Al- 4!Z Ti respectively. Both the alloys show a 



crossover oi O' - £ plots suggesting that the -flow stress o-f 
specimens o-f -finer grain size is higher than that of coarser grain 
specimens in region I but the situation is just the opposite in 
region II. The reason for such a trend was discussed in section 
3. 3. 


Table S.lCa) 

Threshold stress CMPaj for deformation In region 
II with m *= 0. 5 for Mn modified Al-2n-Mg-Cu 


Sample 

Grain 
size (pm) 

o-^(MPa) at test temperature °C 

400 

450 

500 

Mn-as received 

0.7 

28.6 

15.3 

m 

fin— 120hr 

lw3 1 

20.8 

13.5 

m 

• 

Mn-263hr 

1 

• 2.5 

17. 1 

12.2 

6w 3 


Table 5. ICbj 

Threshold stress CMPal for deformation In region 
II with m » 0. 5 for Al-4XTi 


Sample 

Grain 

size 

a (MPa) at test temperature 
o 

pm 

cT-tnicir 

550 

575 

605 

AM-4C 

(mechanical 
al loying) 

1.0 

22 


10.9 

1.9 

AT-4 

1 • v)* 

— 

9.2 

3.9 

1-6 

AH-4C 

2.6 

5.6 

1 

i 

— 

2.5 

0.5 
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5.1.3 INTERPRETATION OF REGION I BY STRAIN RATE DEPENDENT 
THRESHOLD STRESS 

As i 1 1 ust. rated in Figs. 5.1 and 5.2, experimental 
points show a deviation -from linearity in some cases towards lower 
stress in o' vs. c plots as the strain rate decreases. Such 

deviation is more prominent with decreasing temperature and -finer 
grain size as shown in Figs. 5.3 to 5.5. For Mn modified 
Al-Zn-Mg-Cu alloy, Fig. 5.3 exhibits the effect of temperature for 
a given grain size at a given temperature and Fig. 5-4 exhibits 
the effect of temperature for a given grain size- Fig. 5.5 shows 
similar plots for the A1-4X Ti alloy specimens at various 
temperatures. 

As previously discussed in section 3.5 the deviation 
from linearity of a vs. plots in the lower strain rate range 

nay be possibly because of a strain rate dependent threshold 
stress. In that case the overall constitutive equation would be 
given by Eqn. 3.20. With = 0.5, Eqn. 3.20 reduces to 


a 


m 

K s ^ 
% 


^ L' ^ 

+ k s 
2 


<5. 2) 


This constitutive equation (which is, however, typical 
p-f series type interaction) has three unknown parameters, 
dividing both sides of Eqn. 5,2 by obtain 



a 


oo. 5 
s 


) 


K 


K 



O. 5> 


(5.3) 


Given the a ~ s data, a series of double linear plots of 
a / vs. can be generated for a range of m^ 
alues. As per Eqn. 5.3, for a certain value of m^ , the plot will 
e linear over the whole strain rate range with a slope of and 
an intercept of . This optimum m can be deduced on the basis of 
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best -fit straight line among those o-f varying m^values. Such plots 
were generated -for m^ =0.01 to = 0.20 and the one with the 
highest correlation coefficient 'r' was identified along with the 
corresponding values of and The optimum values of K, 

and m^.with the corresponding value of r for all the samples 
are tabulated in Table 5.2 (a computer program by means of which 
such data analysis was done is given in Appendix C) . 

In Figs. 5.6 to 5.8, constant threshold stress criterion 

(Eqn, 5.1), strain rate dependent threshold (Eqn. 5.2) criterion 

and location of experimental points have been juxtaposed for three 

samples. For generation of constant threshold stress curves 

(shown as dotted lines), values of have taken from Table 5.1 

and for generation of strain rate dependent threshold curves 

(shown as solid lines) , values of K ,K and m have been taken 

1 z 1 

from Table 5.2. In all the cases strain rate dependent threshold 
stress criterion shows better compatibility with experimental data 
than the constant threshold hypothesis. The difference between 
these two is most prominently visible in the low strain rate 
range. 

Thus it appears that the threshold stress for 

superplastic flow is strain rate dependent in addition to its 
dependency on temperature and grain size. The strain rate 

sensitivity index of the threshold process varies over a narrow 
range in all cases and a value of ra^ % 0. 1 can be considered as 
representing the entire set of data irrespective of temperature 
and grain size of both the alloys. 

The value of the correlation coefficient ,r^, is seen to 

be grater than 0.99 in all the cases which justifies the mean m^ 

as characteristic of the process responsible for the threshold 

stress. Comparing the K and values for both the alloys it is 

observed that both decrease with rise in temperature. It can also 

be noted from the data of table 5.3 that K and K are grain size 

1 z 

dependent at a given temperature. While K^decreases with 
increasing grain size, K varies the opposite way with grain size. 
Considering the relation between K and grain size (d) in Eqn. 
3-18, it can be inferred that the threshold stress process with 
character! st i c strain rate sensitivity of 0.10 has a negative 
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Table 5.2 


Optimum values of m , K and K in Eqn. 5.2 

3 . 1 2 ^ 


Alloy 

Sample 

d 

Temp 

m 

K 

K 

r 



i^m) 

(°C) 

i 

1 

z 



Hn—as 


400 

0.08 

54.0 

81.7 

0. 9999 


received 

0.07 

450 

0.08 

29.4 

48.3 

0.9999 




500 

0.06 

15. 14 

24.5 

0.9999 




400 

0.11 

61. 1 

128.6 

0.9999 

Hn modi-fied 

Hn-l 20hr 

1.3 

450 

0. 10 

29.9 

70.7 

0.9999 

Al-Zn-Mg-Cu 



500 

0. 13 

23.0 

19.7 

0.9999 




400 

0. 13 

61.0 

287.2 

0.9969 


Mn-"263hr 

2.5 

450 

0. 13 

38. 1 

107.6 

0. 9999 

i 



500 

0.11 

16.7 

52-0 

0.9997 



i 

525 

0- 05 

33.5 

23.8 

1 . 0000 


AM - 4C 

1.0 

575 

0.05 

16.0 

27.61 

0.9998 


Mech alloyed 


605 

0.07 

3.3 

10.0 

1.0000 




550 


21.1 

61.0 

0.9999 

A1 - 47. Ti 

AT - 4 

1.6 

575 


11.0 

47. 1 

1 . 0000 




605 

0, 10 

3.0 

23.4 

/ 

0.9996 




525 

0. 13 

18. 3 

97.2 

0.9999 



2.6 

575 

0. 13 

7.8 

61.2 

0.9994 




605 

0.06 

1.0 

30 . 6 

0.9990 
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TABLE 5,3 

Values of K^and K^in Eqn. 5.2 with m « 0. 10 for 
A1 -Zn-Mg-Cu-Mn and A1 -4KTi 


Ai 1 oy 

Sample 

d 

Temp 

K 

K 

r 



ifjm) 

(°C) 

1 

2 



hn - as 


400 

66» 3 

0‘'wF ■ *3 

0.9996 


recei ved 

0.7 

450 

36. 1 

21.7 

0.9998 




500 

22.0 

7.3 

0.9993 




400 

54.8 

161.7 

0.9999 

Mn mod i f i ed 

Mn - 1 20hr 

1*3 

450 

30. 0 

70.7 

0.9999 

Al -Zn-Mg-Cu 



500 

17.24 

36.5 

0. 9998 


i 


400 

44.5 

367. 1 

0.9980 


Mn - 26Zhr 

2.5 

450 

27.5 

160.4 

0.9994 

i 



500 i 

15.0 

58.9 i 

0.9997 


AM - 4C 


525 

54.6 

31.9 

0.9994 


Mech alloyed 

t 

1.0 

575 

25.8 

1 

17. 1 

0.9990 




605 

1 

4.4 

8.6 

0.9997 




550 

21.1 

61.0 

0.9999 


AT - 4 

1-6 

575 

9.0 

54.2 

0.9999 

Al - 47. Ti 


605 

3.0 

23.4 

0.9996 





525 

13.5 

117.0 

0.9998 




575 

5.8 

69,6 

0.9991 


AT ~ 4C 

2.6 






605 

1.4 

29.0 

0.9907 
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grain size exponent p, whereas the deformation process with strain 
rate sensitivity 0.50 has a positive value of p. 

The process with a strain rate sensitivity of 0.5 can be 
identified as the grain boundary sliding mechanism, an integral 
part of superplastic deformation. The other process with a strain 
rate sensitivity of 0.10 seems to be an accommodation process (see 
section 2.2. 1.2) which relaxes stress concentration generated by 
grain boundary sliding so that further sliding may take place. 
Keeping in mind the low value of m^, this process may be a 
dislocation mechanism where the physical rearrangement of matter 
take place by the movement of dislocations and hence stress 
concentration is released. Grain boundary migration and local 
diffusion may be the alternative mechanisms of stress relaxation 
during grain boundary sliding- The expression of K as given in 
Eqn,3*18 can be rewritten as 


k = A d exp (Qm/RT) 


(5.4) 


Where A ~ constant 

Q ~ activation energy 

The activation energy of the process can be evaluated 

from the slope of In K vs 1/T type Arrhenius plot for a constant 

grain size whereas the grain size exponent p can be found from the 

slope of In K vs In d plot for a constant temperature. The values 

of Q and p for K and K are listed in Table 5-4 and 5-5. (notes 

1 z 

The values of K. and K-, are taken from Table 5.3) 

1 2 
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Table 5.4 

Activation energy CQl of K and K for 

12 

A1 -Zn-Mg-Cu-Mn and Al-4>sm 


A1 loy 

Sample 

Q for K 

1 

(KJ/mole) 

Q for K 

2 

CKJ/mole) 

Mo modified 

A1 -Zn-Mg-Cu 

Mn-as received 
d=0.7 

452.0 

127.4 

Mn-120hr 
d=1.3 ijm 

489.0 

125.8 


Mn— 263hr 
d=2.5 (jm 

457.2 

154.2 

Al-4>:Ti 

AM-4C 
d=l . 0 fjm 

1672.3 

1 

180.4 

AM-4 

d=1.6 fjm 

2095.1 

206.7 

AT-4C 
d=2.6 pm 

1523.7 

188.2 


Table 5.5 

Orain size exponent Cpl of and 
A1 -Zn-Mg-Cu-Mn and Al-45<Ti 


A1 1 oy 

Temperature 

°C 

p for 

p tor K 

Mn modified 

A1 -Zn-Mg-Cu 

400 

-3. 1 

3-7 

450 

-2.1 

3. 1 

500 

-3.2 

2.3 

A1 - 4Z Ti 

575 

-15.6 

2.9 

605 

-11.9 

2.5 




For Al-Zn-Mg-Cu-Mn 

average activation energy tor j kj/eole 

average activation energy tor = j 55 j kj/eoje 

avcT age grain size dependence for K =-28 

average grain size dependence for K = 3,0 

z 


For Al-4y. Ti 

average activation energy for K 

1 

average activation energy for K 

z 

average grain size dependence for 
average grain size dependence for 


- 1765.5 kJ/mole 

= 192.4 kJ/mole 

K = 14.3 


The grain size dependence of for Al-4*Ti alloy 
IS anomalously high and so is the activation energy of for both 
the materials. The typical value of p for region II is 2-3. Thus 
for both the materials, grain size exponent p of is well within 
the expected range. The grain size dependence of is, however, 
higher than that that found out by Murty et al. [22,233 estimated 
on the basis of threshold stress. 

5.1.4 POSSIBILITY OF m - i AS REGION II MECHANISM 

Although in this investigation, characteristic m value 
for superplastic deformation was considered to be 0.5, its basis 
can be justifiably argued since theoretically strain rate 
sensitivity index of a flow process can be as high as unity. This 
aspect has been previously discussed in section 3-6. Hence it may 
be desirable to explore the applicability of a constitutive 
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equation with m = 1 and appropriate threshold stress that may in 
general depend on strain rate. The constitutive equation o-f such 
a type is 


a 


m 

, . o 1 
K e 
1 


K g 


<5. 5) 


Similar to the mode of analysis in section 5.1.3, ia/e) 
vs. i plots were generated for = 0 to 0.5, but no m 
could give a reasonably good linear fit with the experimental data 
of any specimen. A typical case is shown in Fig. 5.9 for Mn-263 
sample with m^ — 0 to 0.1. Incidentally, pure diffusion creep as 
described in Eqn. 2.4 has a m value of unity. But the presence of 
d i sper soi ds is likely to i n tr oduce a thr eshol d stress i n the 
constitutive equation of pure diffusional flow for dispersion 
strengthened alloys. Then the applicability of the constitutive 
Eqn 2.4 coupled with a threshold stress may be considered for the 
data of regions 1 and 2. The following values of the requisite 
parameters of the constitutive equation are used for this purpose. 


lattice parameter = 4,04 8 

D = 1.71 cm^/sec 

D = 0^028 cm^/sec 

O 

1 

Qb 

D - 34 k Cal /mole 

Q =19.5 kCal/mole 

1 

gb 

R = 1.987 Cal/male/®K 


gb 



Using these values in Eqn. 2.4 along with different 
values of <7 , the* constitutive equation of pure diffusional flow 
mechanism for dispersion strengthened materials has been plotted 
and comparf'd with the experimental curve. But the match between 
the theoretical and the experimental curves is far from 
satisfactory. Fig.S. 10 is shown as a typical case to affirm that 
superplastic flow mechanism for fine grained dispersion 
strengthened materials does not correspond to an ra value of unity 
along with a threshold stress. 
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5.1.5 POSSIBILITY OF AN INDEPENDENT FLOW MECHANISM AT LOW STRAIN 
RATE 

As discussed previously in chapter 3.B, i-f the 
threshold stress is very high then the region III mechanism may 
interfere with region I <Fig.3.12). To check this possibility 
some O’ - s plots o-f Al-4-/.Ti were considered where the region III 
was clearly visible. On extrapolating the region III portion o-f 
AT-4C sample (Fig. 4.10) tested at 525 and 575®C back to low strain 
rate range, it is observed that the extrapolated line can no way 
intersect the region I portion within the strain rate range 
experimented. So -for Al-47.Ti alloy, it can be affirmed that its 
low strain rate behavior is not influenced by the region III 
mechanism. However, this possibility can not not be explored for 
other alloys due to the non appearance of region III within the 
strain rate range dealt with. 


5.2 ALLOYS EXHIBITING LOW STRAIN RATE SENSITIVITY 

Two alloys, ho modified Al-Zn-hg-Cu and Al-Fe-V-Si 
are grouped in this category. 

5.2.1 Stress-Strain Rate Behaviour 

At 400°C, all the m - 2 plots of Mo modified 

Al-Zn-Mg-Cu alloy show a trough - like trend, i-e,, m value 
decreases with increase in strain rate and then again increases. 
At 450*^C, the slopes of the a ~ % plots in all the three cases 
show insensitivity to strain rate, as a result of which the m - e 
plots look more or less flat. At higher temperatures 500 and 
550^C, the m values increase with strain rate to about 0.2 and 
then become constant or show a slight decrease in some cases. 

As regards to Al-Fe-V-Si alloys C243 , the m - e 
plots are cither flat or having a small peak at all the test 
temperatures, i.e., m values increase with strain rate, exhibit a 
plateau region and then drop ..The highest m value is around 0.15. 

At a given temperature, the or — % plots for varying 
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grain sizes and dispersoid content are compared -for two alloys in 
Fig. 4.18 and 4.22. These plots look nearly parallel to each 
other unlike the cross-over trend shown by the other group of 
higher m alloys. Another important observation is that the a ~ e 
plots shift to lower -flow stress as the grain size increases, 
suggesting a negative value o-f grain size exponent p throughout 
the strain rate range. Among the Al-Fe-V-Si alloys, two have 
almost identical grain sizes of 0.40 fjm and 0.44 /jm, yet their o-l 
plots ace significantly different. This behaviour may be 
attributed to the fact that although their grain sizes are 
similar, they have widely different dispersoid content (36 volume 
pet. for d=0.40 turn and 26 volume pet. for d=0.44 (um) . Apart from 
the temperature and grain size, the dispersoid content seems to 
affect the o-£ behaviour. Thus while analyzing the stress-strain 
rate behaviour of Al-Fe-V-Si at a constant temperature, the 
dispersoid content should be considered along with the grain size. 

These two types of alloys have ultrafine 
microstructures amenable to superplasticity. On the other hand 
creep resistance can also be expected through the presence of fine 
dispersoids which inhibit dislocation motion at elevated 
temperatures. As discussed in section 3.9, such cases of low m 
behaviour can be interpreted from two very different viewpoints. 
Firstly, it might be a case of suppressed superplasticity where 
region II is e^'clipsed by high magnitude of threshold stress on one 
hand and early onset region III on the other. Thereby, region II 
is restrained from attaining its high characteristic m value. 
Secondly, it might be a case of normal plasticity, i.e., 
dislocation creep- 

The experimental data for these two allays are 
analyzed from both of these viewpoints in an endeavour to find a 
way to distinguish between these two possibilities. 


5.2.2 INTERPRETATION IN TERMS OF SUPERPLASTICITY 

Similar to the analysis of the high rate 

sensitivity materials as in section 5,1.2, e vs. e plots were 
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generated -for m 0, 1 to m - 0.5. Two typical results of such 
analysis are shown in Fig. 5.11 and 5.12. Best linearity, as per 
the regression analysis, is observed for m = 0.2. At higher m 

values the plots deviate from linearity in the low strain rate 
range especially at lower temperatures. The typical m value of 0.5 
is considered for the i nterpretati on of data in terms of a 
constant threshold stress for superplastic deformation. The 
correlation coefficient was in the range of 0.92 to 0.97 for m = 
0.5. The calculated values of and K (as per Eqn. 5.1) by this 

analysis are tabulated in Tables 5.6 and 5.7. Typical o vs. % 

plots for the two alloys are shown in Fig. 5.13 and 5.14 at 

different temperatures. 

For both the alloys, the activation energy deduced 

from the temperature dependence of K is close to that for Q . 

gb 

Another important observation is that both c^and K have a negative 
grain size exponent p. 

In view of the nonlinear nature of the plots 

especially at lower temperatures, the data are further analyzed in 

terms of a strain rate dependent threshold stress as in section 

5-1.3. The optimum values of ,K^ ,m^ and corresponding values 

of r arc shown in Table 5-8. 

Table 5. OCa) 

Threshold stress CMPa> for Mo modified Al-Zn-Mg-Cu 

alloy with m « 0.5 


Sample 

c> <MPa> at test temperature 
o 

450 

500 

550 

Ho-"*as received 

35. 4 

27.9 

15.5 

Mo-120hr 

34.2 

23. 1 

1 

13.0 

1 

MO-SOOhr 

31.3 

21.6 

12.4 



TabJe 5. 6Cb> 

Threshold stress CMPa) for Al-Fe-V-Si >rith m = 0.5 


Sampl e 


16 vol pet. 
d=0. 72/um 


26 vol pet. 
d=0. 44;jfn 


36 vol pet. 
d=0. 40^^m 


a <MPa) , 

O 

at test temperature 

475 

525 

575 

35.9 

20. 3 

10.2 

46.2 

27.0 

12-2 

59.7 

29. 1 

16.2 


Table 5.7 Ca> 

Values of K with m = 0.5 for Mo modified Al-Zn-Mg-Cu 


Sample 


K at test temperature C Activation 

] energy 

450 500 550 kJ/mole 


o-as received 421-7 


161.8 


54.9 198.2 


Ho“120hr 


Mo-500hr 


182.8 


lOB.O 


53- 3 


57. 1 


159.4 


111.6 
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Table 5.7 Cb> 

Value of K with m = 0.5 for Al-Fe-V-Si alloy 



K at 

test temperature °C 

Activation 

Sampl e 

475 


575 

energy 

kJ/mole 

16 vol pet. 
d=0. 72pm 

246.0 

149.5 

88.8 

105.8 

26 vol pet. 
d=0. 44pm 

359.2 

1 

287. 1 

I 

115.9 

115.4 

36 vol pet. 
d=0. 40pm 

683. 1 

283.9 

101.8 

1 

i 

196.6 


For the Mo modified alloy, the average is 0.05, 
whereas that for Al-Fe-V-Si is 0.11. The and values 

corresponding to the respective average values are given in 

Table 5.9 (a) and (b) . 

It is seen from the data in Table 5.9 that and 

K decrease with the rise in temperature for both the alloys. But 
2 

due to the scatter in the data in some cases the effect of grain 
size is not well defined, although the implicit trend seems to 
suggest a negative value of p. Here it is to be noted that the 
grain size exponent of K is also negative (Table 5.7) when the 
threshold stress is considered to be independent of strain rate. 
Making use of the temperature dependent and values. The 

activation energy has been evaluated in each case and the 
resulting data are listed in Tables 5.10 (a) and (b). 

In Figs. 5.5 and 5.6, the computed stress-strain 

rate data based on constant threshold stress and strain rate 
dependent threshold stress concepts are compared with the 
experimental data for two materials. The data calculated on the 
basis of strain rate dependent threshold stress is 'seen to 
correlate better with the experimental data. 




Table 5.8 


Optimuin values of m , K and K in Eqn, 5.2 for 

1 i z 

A1 -Zn-Mg-Cu-Mo and A1 -Fe-V-Si 


A1 1 oy 


Mo modi i 1 ed 
A1 -Zn-Mg-Cu 


Al-Fe-"V-Si 


Sample 

Temp. 

('"O 


B 


jr. 


450 

0.08 

82.87 

34. 14 

1.0000 

lio““ as 
r ecei ved 

500 

0.06 

46.02 

52.99 

1 . 0000 


550 

0.03 

19.85 

29.84 

1.0000 


450 

0.09 

81.15 

6.77 

i » 0000 

Mo - 120hr 

500 

0« 06 

39.70 

63. 17 

1 . 0000 


550 

0.02 

15.22 

48.85 

1.0000 


450 

0.07 

60.46 

48.43 

1 . 0000 

Mo SOOiir 

500 

0.05 

33» 8B 

60.50 

1 . 0000 


550 

0.02 

15.59 

41.21 

0.9999 

— 

1 1C 

475 

I 

0.09 

81.89 

33. 70 

0.9997 

16 voi7. 

525 

0. 12 

58.30 

18.34 

0.9999 

d 0.72^/m 

575 

0. 10 

24.73 

34.42 

1 . 0000 

480C 

475 

0. 11 

132.48 

27.47 

0. 9993 

26 vol % 

525 

0. 12 

91.97 

26.60 

0.9999 

d -■* CK44/um 

575 

0. 13 

39.02 

21.49 

1 . 0000 

486C 

475 

0. 12 

190.66 

9.00 

0.9998 

0 

> 

525 

0. 12 

87.55 

6.39 

1.0000 

d « 0*40/um 

575 

0.09 

34.54 

43.38 

1 . 0000 























Table 5. 9Ca) 

K^and K_^values for Mo modified Al-Zn-Mg-Cu with m - 0, 05 



Table 5.9Cb) 

K and K values for Al”Fe-V-Si with m » 0.11 
i z 


Samp 1 e 

Temp ®C 

K 

1 

K 

2 

r 

! t (. 

16 vol/1 


52, 73 

39.62 

0.9998 

d 0.72A/m 

575 

27.31 

24.13 

1 . 0000 

480 C 

4 75 

130.44 

84.07 

0.9993 

26 VO 17. 
d = 0.44jjm 

525 

83. 03 

64.65 

0.9998 


575 

31.93 

47.78 

0. 9999 

.A.OX n ' 

475 

171.80 

96.60 

0.9997 


486 C 
36 vol/i 
d * 0. 40#im 


DxD 

575 


171.80 

79.06 

41.95 


96.60 

42.23 

15.86 


0.9997 
1 . 0000 
0.9999 
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Table S.lOCa) 



Average activation energy for K=:854.5 kJ/mole 


Table 5. 10Cb> 

Activation energy CQ) with m « 0.5 for Al-Fe-V-Si 

Sampl e 

26 vol pet. 
d'~-0. 44pm 


36 vol pet . 
d =0. 40pm 


5.23 INTERPRETATION IN TERMS OF DISLOCATION CREEP BEHAVIOUR 

As these two alloys show low strain rate 
sensitivity, which is a characteri stic of dislocation controlled 
creep, their stress"strai n rate behaviour is also analyzed from 
the point of view of creep type of behaviour. 
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With reference to the Fig, 5.11 and 5.12, the 
plots for various values of m show best linearity, as per the 
regression analysis, for m = 0.2. On the other hand, it is to be 
noted that the maximum m value for Mo modified Al-Zn-Mg-Cu alloy 
is around 0.22 and that for Al-Fe-V-Si is 0.16. Thus it is quite 
reasonable to consider the characteristic m value for creep 
deformation to be 0.2 for both the alloys. Furthermore the region 
III of superplastic materials is usually identified as the 
dislocation creep region with a typical m value of 0.2. 

The threshold stress for creep is found from the 
intercept of the r egressi on . 1 ine through the experimental points 

O IT? 

on the o vs. plots, such plots for the two alloys at different 

temperatures are shown in Figs. 5.17 and 5.18. The values of a 

o 

thus obtained are presented in Tables 5.11(a) and (b) along with 
the correspond! ng correlation coefficient r and the activation 
energy of the process responsible for threshold process. 

In spite of some scatter in the data for the Mo 
modified alloy, the threshold process for both the materials 
appears in hav*? a negative grain size exponent. The values of K 
with m "■ (k2 are shown in Tables 5.12(a) and (b) along with the 
activatiori energy. 

H ! s seer* from these data that K for the Mo 
modifjenl Ai - 7n Mq-Cu alloy is nearly independent of grain size as 
it it. the case in dislocation creep normally. But K for Al— Fe-V-Si 
alloy ‘thows a negative grain size exponent- 


5.2.4 CONt^ENTS ON THE OPERATIVE FLOW MECHANISM 

Among the two approaches for the interpretation of 
flow h«»havioiir of low m alloys^ the choice cannot be made by only 
looking at the fit of the constitutive equation with the 

experimental data as quantified by the correlation coefficient r 
in Table 5.9 (for strain rate dependent threshold stress concept) 
and Table 5. U (for dislocation creep behaviour), since in both 
the cases usually r> 997.. So in order to discriminate between 
these two options, there is a need to consider the associated 
parameters, such as the activation energy and grain size 



dependence -for the mechanisms involved. 

As regards to the u 

high m alloys, at a n' 

temperature, the cross-over of cy - ® i y » a given 

can be substantiated by the observltior^hlt 

value of p while hae a positive value (as show^ Tn 

□n the other hand, in the analysis of the lp„ „ " " ' 

assun.in(. it to he a ease of suppressed superplastieity, 

again negative. But in contrast to th^ h,- k i 

as negative. If the analysis based on a constitutive epLtion fo^ 
superplast.c flow wtth a threshold stress is applicable to 

eod.f.ed «.-Zn-hp cu and «1-Pe-V-Sl alleys (as analysed in section 

5.2.2 with m - 0.5), then the* nr-^s^ ■ " 

f exponent p of k would be 

expected to be positive like that -for two oth^r ^ 

materials. Thir, is because the n ■ k superplastic 

boundary sliding, an integral 

part of the superplastic mode of deformation, is easier for finer 

grains. Thus the characteri sti c nt - ■_ . 

'-tri^xic ot deformation behaviour of this 

group of alloys in terms of the const i tnhi «=» *. ■ 

i-ne constitutive equation with m = 0.5 

r"£3di I I 4* n 1 ri .% vh. Jt . 2 * 


results in a rH?qative orain ±. r 

iirtiwivt. gram size exponent for , which is 


.. . xs not 

consislent w.th the superplastic flow mechanism. Rather, the other 

approach, i.e., . nterpretation in terms ot dislocation creep 

behaviour appears more appropriate. 


Table 5.11 Ca3 

Creep threshold stress with m - 0.2 for A1 -Zn-Mg-Cu-Mo 


Samp 1 u 

lump *^’0 

a 

Q 

<MPa) 

r 

Q 

tkJ/mole; 

Ho as "'f c»c in vc?d 

450 

I. . - . 

5u0 

1 550 

24.5 

.9969 


18, 1 

.9999 

39.36 

10,8 

.9901 


450 

22.7 

.9970 


Mo* 1 2()hf 

500 

14-6 

. 9992 

49.65 


550 

13.7 

.9855 



450 

10.8 

.9996 


Ma-5Ci0hr 

i 

500 

8. 1 

.9964 

51-32 


'550 

7.3 

.9912 



Average activation c'nerav -for threshold process = 46.7 kJ/mole 



B6 


Table 5.11 Cb> 

Creep threshold stress with m « 0. 2 for Al-Fe-V-Sl 




a 

o 


Q 

Sampl e 

Temp °C 

r 

(kJ/mole! 

(MPa) 


16 val pet, 

d- 0. 72pm 

475 

23.7 

.9924 


525 

10.2 

.9983 

87.92 



4.3 

.9998 



475 

27.7 

.9858 


16 vol pet- 

d -^0- 72fjm 

525 

13.2 

.9875 

82.24 

' 575 

' 5.6 

.9995 



1 6 v:>l pi t „ 

475 

32.2 

.9963 






d“"0« 7 2 /tin? 

525 

16,3 

.9992 

74.30 


“575 

7.7 

1 . 0600 



Average? activation energy -for threshold process — 81.5 kJ/mole 


Table 5.12 Ca) 

Values of K with m »« 0.2 for Mo modified Al-Zn-Mg-Cu 


Sample? 

Ml i r f '( e M Vi ‘(i 

j K at test temperature °C 

Activation 

energy 

kJ/mole 

450 

500 

550 

90 » 5 

56. 1 

25.5 

504.2 

Mo--120hr 

81.1 

55,3 

29.1 

246.5 

Mo-SOOhr 


50.0 

28. 1 

217.5 


Average activation energy 


for K - 256.0 kJ/mole 
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Table 5.12Cb) 

Value of K with m = 0. E for Al-Fe-V-Si alloy 


Sarnpl €• 


16 vol prt. 
d^O. 7?pm 


26 VC)] pc t - 
d- O. A4/jm 


36 vol pc: t . 
d 0. 40pm 


Avc T age* 


K at 

t emperature 

"c 

Activation 
energy 
kJ/mol e 

475 


525 

575 

B3. 1 


62. 1 

36.7 

209.2 

i ' t 'T 

1, rf. • M, 

80- 1 

47-6 

242.4 

200. 1 

91.9 

49- 1 

562.7 


activation energy -for K = 271 . 1 kJ/mole 


Tht? dt'^ormation mechanism -for the Mo moditxed alloy 
might b.. .dent. fed wxth the dislocation creep process since 
dislocation (r.'op has a very weak grain size dependence <p s: 0 1). 
But, the negative grain size exponent o-f K of the 
alloys differs from the constitutive equation for the dislocation 
creep mechanism. The negative value of P for K in ftl-Fe-V-Si seems 
to suggest the retention of the grain boundary streng bening 
effect at elev.ited temperature, which might be due to the p 
of dispersal ds at the grain boundaries. This ^ 

boundary strengthening effect resembles the Hall-Petc re a 

fci 4- n t nifti ’ternpBrB'ture bshaviouri 

126, 221 applicable to low temp ^ 

relation has a lower grain size exponen 

observed in the Al-Fe-V-Si alloys- rtnne 

The rationalization of this behaviour may 

in terms of the reinfor rement effect introduced 

content (uplo 0.3i volume fraction) of .nterme a i 
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in the Al-Fe-V-Si alloys* Such a large content o-f intermetal 1 i c 
dispersoids might as well enable this material to behave like a 
particle reinforced metal -matrix composite. The observation of 
'the increase in flow stress with the drop in grain size' should 
rather be interpreted as 'the increase in flow stress with the 
increase in dispersoid content' (as the higher volume fraction 
yields finer grain size). the composite reinforcement effect 
through the load sharing by the fine intermetai 1 ic particles is 
probably responsible for the observation of the apparent 
negative grain size exponent of the flow process of the Al— Fe—V— Si 
alloys. Thus, for this alloy, the observed increase in strength 
with volume fraction of dispersoids at all the temperatures and 
strain rates is probably a consequence of this composite 
strengtheni ng effect rather than the grain size effect. 







(STRAIN RATE) 

(p£° behavioLT of various Mn modified alloys at 450°C vdth m=05 


Mn-as received m=0^ 



500'C 

460'C 

400'C 


(STRAIN RATE) 

(Fb behaviour of Mivas received alloy (ci=0.7um) with nr=050 






FL.OW STRESS (MPa) S' FLOW STRESS (MPa) 





STRAIN RATE (/sec) 


‘ f^stching of a deformation mechanism having m^=10 with the experiment 
ta shown with various assumed values of m. (material is Mn-263hr at 500 C) 




Mo-as received 500 C 


m=0.5 

m=0.4 

ni=0.3 

m=02 

m=0.1 


(STRAIN RATE)' 


CPE behaviour of Mo modified alloy in as received condition at 500 


36 vol% d=0.4um 525 C 


(STRAIN RATE)’" 


).12 ; (Pf, ""behaviour of Al-Fe-V-Si alloy at 525 °C 















jH)5 le-m le-03 le^)2 1H31 
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Fig. 5.15: Conparison of constant threshold stress and strain rate dependeni 
threshold stress concepts with the experimental data for Mo-120hr sanple 
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(JHAPItR VI 

SUMMARY AND CONCLUSIONS 


Rapidly solidified P/H route processed A1 
alloys with fine grain size and i nter metal 1 ic 
dispersoids exhibit distinctly two types of elevated 
temperature deformation behaviour (high and low rate 
sensitivity). Among the alloys considered, Mn modified 
Al“Zn-Mg-”Cu and Al~4%Ti alloys are of the first category 
and Mo modified Al-Zn-Mg—Cu and A1 -Fe-V-Si the second 
category. Differential strain rate tests were carried 
out in this investigation on two materials, viz., Hn 
modified and Mo modified Al~Zn— Mg-Cu alloys and the 
literature data were used for the other two alloys. 

The flow mechanisms for their high temperature 
deformation were assessed by the process of evaluating 
the experimental constitutive equations and comparing 
them with those for the applicable mechanisms. 

The stress— strai n rate data (for a given 
temperature and grain size) of the first category of 
alloys conform to a constitutive equation with a mildly 
strain rate dependent threshold stress coupled with a 
term of higher strain rate sensitivity (m = 0.5). The 

characteristic m value for such a strain rate dependent 
threshold stress is 0-10 for both the alloys. The grain 
size exponent of the threshold process is 3, whereas 
that for the superplastic flow mechanism (m = 0-5) is 


The data of lower m materials were analyzed 
from two different viewpoints, viz., superplastici ty and 

normal dislocation creep (with m = 0.2) both with 
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Ca> 


Cb) 


threshold stress. 

In the first type of analysis (with 
m=0.5),bDth constant threshold stress and strain rate 
dependent threshold stress concepts were checked. The 
characteristic m value of the threshold process for Mo 
modified Al-Zn-Mg-Cu is 0.05 and that for Al-Fe— V— Si is 
0.11. The grain size exponent p is negative in both the 
cases. The negative value of p for the mechanism with 

m=0.5 is not consistent with the mechanism of 

superplastic flow in these materials. 

In the second type of analysis with 

m=0.2, the dislocation creep constitutive equation 
coupled with a threshold stress was used. While the grain 
size exponent p is negative for the threshold process 
for both the alloys, it is independent of grain size for 
Mo modified one and negative for Al-Fe-V-Si. The 

dislocation creep constitutive equation is 

applicable to the flow process for Mo modified 
Al-Zn-Mg-Cu but not so satisfactorily in the other case. 
The negative grain size exponent may be attributed to 
composite strengthening in the Al-Fe-V-Bi 

alloy. 
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APPENDIX A 


This is a program to analyse differential strain rate change test 
data under compression from NTS machine to obtain i 

and yTv ^ data 

chv=time taken by cross head in sec for 10mm movement(as set in the 
mach i ne window) 

loadt=*lo3d taken in kg at the initial point of each cross head velocity 
|oad2s”load taken in kg at the final point of each cross head velocity 

deTormation (as measured by def(i)) =deformatlon of the sample im mm 

upto the last point of each cross 
head velocity level 

#N0TE* deformation at each stage should 
be measured from the initial 
gage 1 engt h 

1 >ci nst ant aneous gage length in mm 

d“sig*^ ^percent increase in stress for strain rate hardening 
tsr-true strain rate 
eps‘*'true strain 


t 1 1 ♦♦♦ t f + -f ♦♦ t ♦ mts f * -f. ♦♦♦ t > 1 ^ *♦ t + ♦ + ♦♦♦-♦' + >» 

implicit rea 1 +4 ( a-h , o-z ) 

dimension v(25).def(0 P6 ) , s t ( 25 ) , sS ( 25 ) . g 1 ( 0 26 ). 

- I ^r- \ ^ ^ ^ / oc: \ ^ t ^ i t oc \ 




5(026) 


dimension v\c-?/»uTri\v 

, ,eps(2S) ,sh(?5).srs(25) ,sigf (25),5ig2(25), tsrm(25) 

openfuni t 20 , f 1 I e* ' mt s out') 
w r i t e ( 6 , to) 

f ormn t C 5 X , ' g i ve Initial gage 1 eng t h ( mm ) , d I a ( mm ) & 

no of data points' ) 

read(^,»')gli»ci,n 
writef 20 ,e 0 )qli,d,n- 1 

formnt(5x,' Initial gage lengtti-'.fS 8.10x, 

'initial di a= ' . f 5 . 8 , 1 Ox . / , 85x . ' no . of data se t - ' . i 2 . //// ) 
grlte(6/30) 

f ormat < 5 X , ' g 1 v/e chv ( sec/ t 0 mm ) , 1 oadi & load 2 In kg. 
deformation in mm') 
do ^0 i ** t . n 

readt^t.^lvl l). 5 l ( l),s 2 (l).def(i) 

cont Inue — 

def(0)*0 tNP\)T D|vrftUoAt>i,toAD2Si.£tm- 

n(0J''3,tA + rt^ + 2 /A. tA^TiON To 5fCoM> 

^!iriOd*»S.gU/4. CROSSH0AD LOtlTy,cHt/Cl) 

do so i=t , n -1 in/ 

gUn-gU-defCi) iOAp 1 u5f\D2 / 

a { i ) «d 1 /g 1 ( 1 ) loAO i- X 

t r.,r { i ) t 0/( V ( i ) ^gl ( 1 ) ) A / ^CHV(l) I I 

t r,rm( i )*S 0 / ( ( v( 1 ) t-v( i + 1 > ) tgl ( i ) ) 1 ^ J 

ep 5 (i)*(def(l)'-def(i~f))*IOO./gl(i) 

si g t ( i ) = 9 . ( i ) /a ( i-l ) / 

sig 2 (i )- 9 . 8 ^ 52 ( i )/a(i ) — ^ 0£rORl^/\Tl OH ” 

ds 1 g = s i g2 ( i ) -s 1 g t ( i ) — r- 

sh(i)-dsig* 100 ./signi) , — ^ DlS^PlAceHEA^T 

)walog< 5 t(i +-1 )/s 2 (l))/alog(v(i)/v( i + t ) ) 
cont i nue 
urite(20.60) 

format (2x, 'CHV' .6x. 'LOAD1 ' ,5x. 'L0AD2' .3x. 'L' ,Sx, 

IgPSr.' , 7 x. 'D-SICX' .^x. 'TSR' ,3x. 'STRESS' ,3x. 'm' ) 
wrlt«‘C20.70) 

format (lx, 'sec/cm' ,5x,'kg',9x,'kg',4x, 

, 84 x, '/sec' ,4x, 'MPa' ,//) 

do too 1 “ 1 I n-1 

writeCSO. 80) v( i ) , si ( 1 ) ,»2( i ) ,gl t 1 1 .apst 1 > 

5 h( i ) ,tsr( i ) , 5igS( i ) #srs( i ) ^ h 

format{tx,e7 2 , fix , f 6 . t , 4 x , f 6 1 . 2 x , fS . 8 , Ex , e7 . £ . 4x . 

f 6 . El Ex , a8 . 8, t X , f 6 2,2x,f4.3)^ 
cont i nue 
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: f- ♦ ft , 




♦tfif ft-tftfrttl 


This 

0 f 
for 
is 


5 is a program to generate CT \jCv ^ data for a series of valui 

m , the corresponding threshold stress and correlation coefficient 
the constitutive equation In the output, the first data-column 
“ and the second is ^ 


* *** ♦ % , 


r * ♦ •# * f, , 



1 0 ^ 


i ! 0 


If? 
f « « 


thm f 

c*:thre5hoId stress (MPa) 

K“S I ope 

r Kco rre 1 a t i on coefficient 

double precision x ( 3 0 ) , x m ( 2 0 ) , y ( 2 0 ) , a , b , c , r , d , f 
double precision sumx,sumy,3umx2,3umy2,sumxy 
real 

oprn(unit'-20,file-«'thm out') 

Wri te(6* 10) 

formatt'give initial & final values of 
no of data') 
rpad(*,*)pt ,p2,p3,n 
Wri te(6,30) 

form a t( 'give ntrairn rate X flow stress(MPa)') 

do 35 i , n 
r ead ( ’<',*)x(l),y(i) 
cont i nue 

I T i f i X ( ( p2 -p I ) /p3^' 1 0 ) 

Wri te(20,60)j 
f 0 r m a t ( i 2 ) 

do 150 I , j 

sum X = 0 . 0 
5umx2=0.0 
s II m y ■“ 0 0 

s t ( m y ? ~ 0 0 

sumxy*0 0 

do too i = 1 , n 
xm(i) = x<i)t>tpt 
s:umx"**sumx^xm( 1 ) 

3 iimx 2 -' 0 umxP^xm( I )^xm( i ) 
numy^sumytyC i ) 
sumy2=sumy£+y( i )^yl i > 
sumxy^sumxy-^xmt i)'»'y( 1 ) 
cont i nue 

a-n* sumx y-suffix^sumy 
b'“n*stimx2-sumxi'sumx 
d^^n* sumy2~sumy*sumy 
f~sumytsumx8“sumx^sumxy 

r'^a/sqrt (b’*‘cf) 

c “^f /b 
a / b 

write(£ 0 /ttO)l,n,pl,c,k,r 

f ormat ( i £ j / < ^ ' 

^ 'r«' 

do 200 i* t , n 

wri t e( 20, t 20 >xm( i ) , y ( i ) 
format ( e8 3 , 2x , f 7 . 3) 
cont I nue 
p t * p t *p 3 
cont i nue 

’I I n ff 
» fui 


increment of 


c=' , fS. 1 , ' , ' , 'K=' , f6 . I . 



APPENDIX 


C 


< i 

This is a program to calculate the optimum value of ml (from a series 
of ml values) for a given value of m2 and hence the optimum values of 
Kf and K2 corresponding to those values of ml and m2, all obeying the 
constitutive equation __ ^ 


cr =Lk,6 -t 

This program also computes the correlation coefficient of 

MS plot for each value of ml and gives, 




for a given strain rate, the y. difference between the experimental 
value of stress and the stress calculated by the above constitutive 
eqn In the output, for each .value of ml, the first data~coIu»n 


i B 


' ^ second 


and the third is the Jiidl f f erenc# 






real in,lcl,k2 

double precision x ( 2 0 ) , xm ( 2 0 ) , y ( 2 0 ) , y m ( 2 0 ) , y 5 ( 2 0 ) , d 1 f ( 2 0 ) 
double precision sum x , sumy , 5umx2 , sum y 2 , sum x y , a , b , c , d , r , f 
open(unit-20,file'=''bt outM 
write(6,2F) 

BS format('glve fixed value of m2') 

r ead ( ♦ , ♦ ) m 
write(6 ,10) 

to format('givr Initial final values of ml, Increment of ml, 


I artd no of <lo t a ' ) 
re.id(*, ♦)p1 ,p2,pJ,n 
wr i t e ( 6 , 3 0 ) 


30 

formatl'give strain rate 
do 35 i «• 1 , n 

St flow stress') 


read(t,t)x(i). 

y ( i ) 

35 

cont i nue 
do 55 i * 1 , n 
ym(l)”y(l)/(x(i)**m) 


55 

cont i nue 

j*if 1x1 (p2-p1 )/p3+l . 0) 
write(20,60) j 


60 

f 0 T‘ m a t ( i 2 ) 



do ISO k«l , j 
sumx « 0 . 0 
*j n m X 2 " 0 0 
sum X y * 0 0 
B u m y » 0 , 0 
sumy 2"“ 0 . 0 

do too i - t , n 
xm( I )«:-x( 1 )t^(p1~'m) 
sumx®sumx'txm( i ) 
qufflx2*3iiwx2+xm( 1 )»xm( 1 ) 

symxy«sumxy+xm( t )>»‘ym( 1 ) 
sumy^sumy^-ymC 1 ) 
sumye*sumy 2 +ym(l)*ym(l) 


100 ront 1 rnie 

A-n + snmxy-'Sumx^sumy 
b«ntstimx2-surnx»5umx 


I I 0 


f eo 

ISO 


d«nt'symy2“5Umy'*-5umy 

fTsymy’»fSumx2-'SUmx*3Umxy 

r»a/sqrt ( b*d ) 
ke-^f/b 

tc f »* « /b 

urlteC 20 , 1 101lc,n,pT,r,kt ,k^ 
format (13,/, 

do 200 1 *1 , n 

ysCi )fkt<^Xti J>‘'^p1+H2^x(l 
dif(i)=^<yn)-ys(i))’^IO0,0/y(i ) 

format (B8.3,8x,f3.3,4x.f8.4 , '%’) 

cont 1 nut 

pi’^pt ^pj 

front i nue 
stop 
tnd 



hE - - M- f ^ 



